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FOREWORD

This report was prepared by Wyle Laboratories, Research Lrvision, Huntsville, Alabama for
the Unsteady Gasdynamics Branch, Aera-Astrody~umics Laboratory, Marshall Spac= Flight
Center (MSFC), National Aeronautics and Space Administration (INASA), Huntsvi'le, Alabama
under Contract NAS8-21026. The work was performed under the dircction of Messrs. G.
Wilhold - Deputy Chief of the MSFC Unsteady Gusdynamics Branch, and J. Jones - Technical
Monitor of the contract.

This report contains the results of a wind tunnel test conducted at the Arnold Engineering
Development Center (AEDC) during the period from May 22 through June 7, 1968. The tests

were conducted under the direction of Mr, H. C. Dubose of ARO, Inc., contract operator of
AEDC, with Mr, T. R, Brice as the project engineer.

The author wishes to express his appreciation and to extend thanks to all persons at NASA-MSFC,
AEDC, and Wyle Laboratories who participated in this program of study. Those particuiarly
instrumental in the various phases of planning and conducting the test, reducing the test results,
and preparing the data for presentation in this report were: Messrs J. Jones, P. Howard,

H. Bush, C. Walker, B. Borcherding and W. Edwards of NASA~MSFC, Messrs. T. Brice and

J. Black of ARO, Inc. -~ AEDC, and Messrs. A. Jolly, D. Wallis, J. Matzkiw and S. Dendrinos
of Wyle Laboratories.



e
N

Bivvee

Wer MR et ik TR e el

TR e, o

g AR cowie w0 twr

ORI

ABSTRACT

A wind tunnel investigation was conducted to study the flow field induced by three~dimensional
protuberances at trunsonic Mach numbers. The perturbed flow environments of both the pro-
tuberances and the surrouriding structure were analyzed utilizing static~ and fluctuating-pressure
measurements and oil-flov visualization techniques. Test results for the generalized configura-
tions which consisted of 2~, 4~, and 8-inch diameter cylindrical protuberances are discussed
herein. The range of test variables consisted of protuberance heights from zero to 2 diameters,
free-stream Mach numbers from 0.60 to 1.60, and unit Reynolds numbers from 1.5 to 4.5 million
per foot. The static pressure results are presented in coefficient form to show the oxial pressure
distributions associated wi:h the protuberance induced flow field as well as the distribution of
surface pressures over the vsall of the protuberances. Fluctuating pressure measurements are
presented in the form of overall RMS fluctuating pressure coefficients, power spectra, cross-
power spectra, and narrow band convection velocities. From the static- and fluctuating-
pressure measurements and the oil-flow patterns, the structure of the perturbed flow field has
been defined. One of the mosi significant findings is that the upstream sepurated flow field
induced by three-dimensional protuberances consists of a complex, multiple vortex system which
generates fluctuating pressures an order of magnitude grecter ;han those observed in two-
dimensional separated flows. The extreme fluctuating pressures encountered within the three-
dimensional separated flow field are attributed to the shear interaction of two major vortices
within the separated region.
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INTRODUCTION

Background

Protuberances have an infinite number of possible geometries so that a general
discussion of the flow field is difficult. For example, the Soturn V alone has
approximately 75 individual protuberances which include reaction control rockets,
auxiliary propulsion systems, vents, tunnels, etc. (Reference 1). Each protuberance
generates its own flow field which may interact with the external flow field already
present and lead to the imposition of large steady and fluctuating loads on both the
protuberance and the surrounding structure. It is obviously impractical to investigate
the environment of every protuberance which may be attached to the external surface
of a launch vehicle, especially if some general features of the flow can be defined
from a systematic study involving generalized protuberance geometries. In view of

the free interaction hypothesis first advanced by Chapman, Kuehn, and Larson (Refer-
ence 2), it appears that the use of gencralized protuberance shapes is a reasonable
approach in studying protuberance flow fields. Essentially, they suggest that boundary
layers undergo separation in a manner which is independent of the original cause.

The separation commences well ahead of the protuberance, so that it is reasonable to
suppose that the flow near the separation point is unaffected by the detail geometry

of the protuberance. This phenomenon has been proven in experiments for two~
dimensional supersonic flow and it is expected to apply to the three-dimensional case
as well. However, even with this simplification, the flow close to the protuberance
must be expected to be a function of the detailed protuberance shape. It follows that
a definitive stucy of protuberance flow would involve measurements on the protuberance
as well as on the structure which is in close proximity to the protuberance. :

For the past two years, Wyle Laboratories have been engaged in a research progrom
under Contract NAS8-21026 with NASA-MSFC to investigate the steady and unsteady
aerodynamic characteristics of the flow around three-dimensional protuberances which
extend into, and well beyond, attached turbulent boundary layers. The first task of
this study was to conduct an extensive search of available literature for the purpose of
accumulating data for a variety of protuberance geometries.. Results of the literature
survey indicated that considerable data were available for evaluating the mean flow
around protuberances at supersonic speeds (see References 3-16, for examples).
However, little data were available on the fluctuating air loads which may be
experienced in the vicinity of the protuberances. Further, there appeared to be a
complete lack of both steady and unsteady oerodynamic data .or protuberance flows at
transonic speeds, particularly for three-dimensional protuberances. This lack of tran~
sonic data poses a serious problem in predicting the steady and fluctuating air loads in
the vicinity of protuberances for a launch vehicle, sinca, in the transonic flow
regime, a launch vehicle experiences maximum dynamic pressure and, consequently,
moximum aerodynamic loads. However, for the literature survey, some general

~features of protuberance flows were discovered and the results of this study are

summarized in Reference 17.
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Following the survey and analysis of the data from publishad literatire, a small scale
wind tunnel test program was planned ond subsequertly =onducted - the MSFC 14 by
14 inch Transonic Wind Tunnel. This test was conducted with three primary objec~
tives. The first objective was to investigate general features of protuberance flows at
transonic speeds using generalized protuberance geometries. Right circular cyliders
of various heights and diameters which project into the flow with the cylinder axis
normal to the flow direction were selected for this study. The second objective of the
small scale test was to investigate similarities between the flow fields for generalized
protuberances and the flow fields for protuberances with specific geometries. For

this phase of the study, models of the reaction control system (RCS) and the auxiliary
propulsion system (APS) on the Saturn V were tested at the same conditions as for the
generalized protuberance study. The third objective was to obtain base data that
could be used to plan a large scale investigativa of protuberance flows. The test
results for the small scale wind tunnel study are presented in Reference 18. At best,
the small scale test results revealed only cursory features of the protuberance flow
fields due to the limitations imposed by the model size on instrumentation density and
measurement accuracy. This is particularly true for fluctuating pressure measurements
because of the relatively large size of the microphones. '

Present Test Program

The large scole wind tunnel test program, reported herein, was planned to obtain more
detailed static and fluctuating pressure measurements for protuberance flows. For this
test, an existing model of the same general design as that tested in the small scale
study, but of considerably larger scale was used. The test was conducted in the
Propulsion Wind Tunnel, Transonic (16T) at the Arnold Engineering Development
Center (AEDC}, Arnold Air Force Station, Tenressee, from May 22 through June 7,
1968. -

The wind tunnel test reporied herein was based to some degree on the free interaction
hypothesis discussed in Section 1.1. A basic detailed study was conduzted using
cylindrical protuberances of various heights and diameters for which some mean flow
data were available. Abasic reference length in the separated boundary layer gererated
by a protuberance is the undisturbed boundary layer thickness. Thus, protuberance
height and diameter must be scaled with boundary layer thickness, and to accomplish
this the test configuration included protuberances lying both within and well beyond

the boundary layer. In addition, protuberances having more specific geometries were
tested which consisted of scale models of the RCS and APS protuberances on the

Saturn V, i -

The primary objective of the test was to determine the steady and fluctuating pressure
characteristics of the ..otuberance flow field so that the ervirenments of both the pro-
tuberances and the surrounding structure could be adequately defined. A compre-
hensive description of the test program was presented in a pre-test report, Reference
19. The test was performed according to the test plan with only minor modifications.

“Pertinent excerpts from this reference are included herein for the purpose of clarity
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ond cohzrence. The protuberences were mounted to a curved panel model which was
supported above the floor of the wind tunrel test section in a splitter-plate type
installation. The surface ponel and certain protuberances were instrumented with
static pressure orifices and microphones to obtain the desired steady and fluctuating
pressure measurements. Also, pitot pressure rakes were installed in the test panei to
obtain descriptive boundary layer profile measurements. A comprehensive discussion
of the test apparatus is presented in Section 2.0. The protuberances were tested over
a range of Reynolds number and Mach numbers  The detailed description of the test
conditions and procedure is presented in Section 3.0. The data reduction procedure,
which consisted of both on~line and off-line phases, cnd en cnalysis of ihe precision
of measurements are presented in Sections 4.C and 5.0, respectively. A general dis-
cussion of the test results is presented in Section 6.0. It shou!d be ncted that over
300,000 stotic pressure measurements and over 100,000 microp.one recordings were
obtained during this test. Thus, any reduction and analysis of the test results must be
selective. For the present phase of the study, emphasis wes placed on the reduction
and analysis of data ~btained from the longitudinal centerline distribution of instru-
ments which were located in the plane of symmetry of the perturbed flow field. An
analysis of these data, which defines the salient characteristics of the static and
fluctuating pressures associated with the protuberance flow field, is also presented in
Section 6.0. From these data, the basic features of the flow field induced by three-
dimensional protuberances and similarities and differences between two~ and three-
dimensional protuberance flows have been defined. Finally, conclusions resulting
from this study and a description of areas to be studied in the future are presented in
Section 7.0.
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2.1

2.2

TEST APPARATUS

Test Facility

The test was conducted in the Propulsion Wind Tunnel, Transonic (16T) at AEDC.
Tunnel 16T is a variable density wind tunnel with a 16 ft square test section. The
walls of the test section are composed of perforated plutes which allow continuous
operation through the Mach number range from 0.55 to 1.60 with minimum wall
interference. Details of the test section showing the model location are presented
in Figures 1 and 2. A more extensive description of the tunnel is given in the AEDC
Test Facilities Handbook and the latest calibration results are presented in Refer-
ences 20 and 21.

Test Article

The basic test article consisted of a 30-degree segment of a cylindrical shell having

a radius of curvature of 130 inches. The curved panel was mounted in a splitter-plate
type fixture which was supported above the tunnel floor (see Figure 1). The pro-
tuberances and instrumentation were mounted on a secondary panel (hereafter referred
to as the test panel) which was 36.00 inches wide and 75.18 inches long and flush

fitt - the basic panel structure (Figure 3). The right hand side of the test panel
(when «<u looking upstream) was attached to the basic structure through hinges
which allowed the test panel to be pivoted open and, thus, provide easy access to the
instrurnentation and protuberance drive system without having to completely disassemble
the test article. Also the instrumentation and drive system were attached to the test
panel so that they were exposed when the model was open as shown in Figure 4  This
feature of the model design greatly simplified mode! configuration changes and the
replacement of instrumentation. Protuberances for the basic study were right cylinders
of 2-, 4- and 8-inch diameter and were telescoped into the flow over the test panel
with the axes of the cylinders normai to the flow direction. Geometric details of the
protuberances are shown in Figure 5. All the protuberances were raised and lowered
with the same drive system. The drive system, shown in Figures 4 and 6, enabled the
protuberances to be remotely raised and lowered to any height ranging up to 8 inches.
Space limitations inside the splitter-plate limited the maximum travel of the drive
system to 8 inches and since it was desirable to test all of the protuberances at heights
ranging up fo at least two diameters, 1t wos necessary to add an 8-inch extension to
the basic 8-inch diameter protuberance for certain runs. In the fully retracted posi-
tion, the top surface of all but the 8-inch diameter protubesance with the 8-inch
extension were flush with the test panel surface.

The drive system (Figure ) consisted of three jack screws and a lift plate to which

the various cylindrical protuberances were mounted. The drive system was supported
between the underside of the test panel and a base plate by six support rods and two
spacer bars. The jack screws were driven by a common 1/3 horsepower, 30 rpm
electric motor through a chain and sprocket drive system. An O-ring seal was inserted
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in the test panel cround the protuderance to seal the splitter-plate cavity from the
top of the test panel and thus prevent leakage of air between the protuberance and
test punel during the test.

Protuberance configuration changes were accomplished by removing the protuberance
cap (see Figure 6) and detaching the base of the protuberance from the lift plate.

Hole patterns in the lift plate provided for mounting all of the cylindrical protuberances

on a common centerline as well as rotating the 8~inch diameter protuberance from

0 degree to polar angles of 15 and 60 degrees (counter clockwise when viewed from

the top). For the 2- and 4-inch diameter protuberances, the gap between the test
parel and the protuberance was filled with an instrumented insert panel. The insert
panels were attached to the test panel in the place of the removable ring (see Figure 6).
O-ring seals similar to that used for the 8-inch diameter profuberance, were inserted
between the insert panels and the smaller diameter protuberances to seal the gap.

In addition to the basic study, models of the RCS and APS protuberances on the

Saturn V of approximately 20 percent scale were tested. These models were mounted
to the same test panel used for the basic study, so that existing instrumentation

could be utilized. Details of the RCS and APS protuberances are not presented herein,
since test results for these configurations will be forthcoming in a later report.

Instrumentation for Data Acquisition

Instrumentation in a given configuration of the test article consisted of a maximum

of 296 static pressure orifices and 122 piezo-electric mricrophones which were flush
mounted in the test panel and the 8~inch diameter protuberance. The basic 8-inch
diameter protuberance and the 8-inch diameter protuberance with the extension are
the only protuberances that contained instrumentation. Details of the instrumentation
in the test panel, the insert panels and the 8-inch diameter protuberance configurations
are shown in Figures 7, 8 and 9, respectively. The test panel contained 216 static
pressure orifices that were distributed in a poiar array centered at the protuberance
center (Model Station = 0), Figure 7a. The polar angles for the static pressure orifices
are denoted by 81 and are measured in the clockwise direction when viewing the test
panel from above. Most of the static pressure orifices were distributed along the
centerline of the test panel (8% =0, and 180 degrees) and to the right side when
viewed looking upstream. One ray of static pressure orifices was located at 6% = 270
degrees so that symmetry of the flow could be determined. The locations shown in
Figure 7a are nominal dimensions and exact locations are presented in Reference 19.
Also, the test panel contained 107 microphones that were distributed in a polar array
along the panel centerline and to the left side of the test panel when viewed looking
upstream (Figure 7b). The polar angles for the microphones are denoted by 8™ and

are measured in the counterclockwise direction when viewing the test panel from
above. This array of steady and fluctuating pressure instruments provided optimum
utilization of the instruments since the pretuberance flow fields were symmetrical i
about the panel centerline.



S SR AN N Ay I s e e

B e i

The insert panels that were used for the Z-~ and 4-inch diameter protuberances
contained static pressure orifices and microphones that were distributed in polar
arrays similar to tl.ose of the test panel (see Figure 8). Each insert panel contained
39 static pressuie orifices and 15 microphenes. Since the 2~ and 4-inch diameter
protuberances do not contain instrumentation, there were a total of 25 active

static pressure orifices and 122 active microphones for these two configuretions. The
total iumber of microphone channels available - ith the recorder system was limited
tz 122. Thus, microphone distributions in the insert panels provided only qualitative
information of the unsteady pressure flow field in close proximity to 2- and 4-inch
diameter cylindrical protuberances. However, detailed definition of the fluctuating
pressure flow field near the cylindrical protuberances was obtained for the 8-inch
diameter protuberance which had a relative high density of microphones in close
proximity to the protuberance.

Both static and fluctuating pressure instruments were located in the basic 8-inch
diameter protuberance and the extension of this protuberance. Details of the instru-
ment idcations for the 8-inch diameter protuberance configurations are shown in
Figure 9. The basic 8-inch protuberance contained 24 static pressure orifices and 6
microphones distributed at polar angles of 0, 30 and 120 degrees in the wall of the
protuberance and 32 static pressure orifices and 9 microphones distributed in a polar
array in the protuberance cap. Thus, for this configuration, there were a total of

272 active staiic oressure orifices and 122 active microphones. For the 8-inch
diameter piotuberarice configuration with the exiension there were 48 static pressure
orifices and 15 microphones distribut..d at polar angles of 0, 30 and 12C degrees in

the wall of the protuberance. All of the microphones for this configuration were
located in the walls of the extension portion of the protuberance with the base of the
profuberance and the protuberance cap containing only static pressure instrumentation.
The protuberance cap contained 32 static pressure orifices as for the case of the basic
8~inch diameter protuberance configuration. Thus, for the 8-inch diameter protuber-
ance configuration with the extension there were a total of 296 active static pressure
orifices and 122 active microphones. Both 8-inch diameter protubeirance configurations
were rotated about the centerline from 0 degree to pclar angles of 15 and 60 degrees
such *hat static and fluctuating pressures were recorded on the wall of the protuberances
at polar angles of 0, 15, 30, 45, 40, 90, 120, 165 and 180 degrees. Beccuse of the
slight curvature of the protuberance cap, it was necessary to maintain the cap at the
O-degree position. That is, the cap was not rotated with the protuberance.

Other instrumentation on the test panel consisted of two pitot pressure rakes which
were extended through the boundary layer for measurement of the boundary layer
velocity profiles. Details of the rakes are shown in Figure 10, The forward rake was
remotely controlled so that it could be extended and retracted as desired during the
test. This rake was designed such that, when in the fully retracted position, the top
surface of the test panel remained smooth. Further, this rake contained 15 pitot pres-
sure probes distributed above the centerline of the test panel as denoted in Figure 10.
The pressure for the static orifice in the tust panel immediately aft of the forward
rake was recorded with the rake in the retracted position, and was used together with

)
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the pitot pressures in the computation of the boundary layer velocity profiles in the
upstream vicinity of the test panel. The aft rake was a fixed device and was present
throughout the test. The aft rake contained 25 pitot pressure pr-bes which were dis-
tributed above the pane! centerline as shown in Figure 10. The pressure for the most
aft static orifice in the test panel was used in conjunction with the pitot pressures to
compute the boundary layer velocity profiles for the aft region of the test panel.

A pitot-static probe was extended into the secondary flow between the splitter-plate
and tunne! floor to monitor the flow in this region. The previous small s.uie test
indicated that the seconda:y flow may be partially blocked ot Mac's numbers near

1.0. By monitoring the pitot-static probe beneath the splitter-plate and the boundary
layer rokes above the test panel, the effect of any flow spillage over the leading edge
of the model could be 1eadily determined. The static and total pressures (forward

rake only) were connected to a system of pressure scanning switches (Scani-valves)
which were mounted to the underside of the test panel. A total of ten 48-port Scani-
valves were available to record the pressures. A typical static pressure installation is
shown in Figure 11a. The total pressures for the aft rake were conditioned through the
AEDC-PWT Precision Pressure Balance (PPB) system. This system, which was considered
to be more accurate than the Scani-valve system, was also used to compute a reference
pressure which was compared to its counterpait on each of the Scani-valves. The out-
puts from the Scani-valve and the PPB systems were reduced and tabulated on-line
uvtilizing the AEDC-PWT digital computer facilities. Also, the static and total pres-
sure paramefers were stored together with identification and test condition parameters,
on 800 bpi, IBM compatible digital magnetic tape for post-tes analyses.

The micrepl ones (or pressure transducers) used for this test were Kistler 601L quartz
pressure transducers. These microphones have a resonant frequency of 130 kHz and

. previous calibrations conducted at NASA~MSFC indicate that frequency and phase
" were linear up to 20 kHz. The full scale pressure range was 300 psi and the active

area of the diaphragm was 5/32-inch diameter. Kistler 553A charge amplifiers were
used to convert the quartz charge .0 a voltage signal. The charge amplifiers limited
the low frequency response to approximately 10 Hz. The amplifiers were also housed
inside the model. A typical microphone installation is shown in Figure 11b.

The Kistler pressure transducer sysiems were calibrated in place by the use of o
Photocon model PC-125 acoustic calibrator which was modified so as to be hand
held over each pressure transducer. The calibration level was 150 dB (referenced
to 0.0002 dynes per square centimeter) at 1 kHz.

The data acquisition system for the fluctuating pressure measurements consisted of the
NASA-MSFC, 20 kHz constant bandwidth multiplexer and 14 track, 1.5 MHz
magnetic tape recorder. A block diagram of the system is shown in Figure 12. The
multiplexer provided close phase matching for data groups recorded on a single

track and also enabled up to 122 data channels to be stacked on fourteen tracks.

The data channels were stacked 7 and 9 to o tape track with each channel having

o 10 Hz to 20 kHz frequency response. To provide for cross-spectrum analyses between

7
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data recorded on different tape tracks, it was necessary to record o crystal oscillator
signal and a wide-band white noise signal on all channels ot the beginning of each
reel of tape since phase matching across tape tracks was limited by the alignment of
the tape recorder heads and type skew. Also, the output from the crystal oscillator
could be used in conjunction with a reference modulator to correct for tape speed
errors. These signals were recorded continuously with the microphone data during
the test. A complete system calibration was conducted immediately prior to the test
and spot checked periodically during the test.

The vertical position of the various protuberances was measured by a linear poten-
tiometer which was housed inside the model . The output from the pote..tiometer was
conditioned through the AEDC-PWT force and moment readout system (FAMROS)
and subsequently reduced and tabulated on-line. Calibration of this instrument was
performed prior to the start of the test and checked periodically during the test.
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3.1

TEST DESCRIPTION

Test Conditions

Basic tests of all protuberance configurations were conducted in the Mach number
range from 0.60 to 1.60 and at a constant Reynolds number of 3 x 108 per foot.
This unit Reynolds number was near the maximum that could be held constant in
Tunnel 16T for the specified Mach number range. The 4-inch diameter protuberance
was tested also at a Rernolds number of 1.5 x 10% per foot and the 8-inch diameter
protuberance at Reynolds number of 1.5 x 10® and 4.5 x 10¢ per foot. For the 4.5
million Reynolds number condition, the maximum Mach number attainable was 1.2;
however, dato were obtained at Mach number 1.4 at a slightly reduced Reynolds
number. Variations of unit Reynolds number with Mach number are presented in
Figure 13a for the various configurations. Similar variations of dynamic pressure,
9y with Mach number are presented in Figure 13b.

Tests were conducted for the 4-inch diameter protuberance at a unit Reynolds
number of 3 x 108 per foot with an artificially thickened boundary layer over the
test panel. For this study, the boundary layer was tripped near the leading edge

of the model so that the effects of boundnry layer thickness on the protuberance flow
field could be evaluared.

During the latter part of the test, experiments were conducted to develop effective
flow visualization techniques in the region affected by the protuberance flow field.
These experiments were performed concurrent with other phases of the test by using
a 2-inch diameter, fixed prctuberance iocated near the edge of the model, off the
test panel. The rechnique evolved in these experiments was then used to obtain
photographs of the flow patterns around the 4~inch diameter protuberance installed
on the test panel. For the test, the Mach number ranged from 0.60 to 1.60 with
unit Reynolds number held constant at 3 x 108 per foot. For all these studies, oil
with paint pigment mixtures of various colors was released forward of, around, and
behind the protuberance through small orifices so that the various regions of the
perturbed flow field could be made visible. The individual colors of oil were con-
trolled with solenoid valves which were regulated from the control room. The
reservoir containers for the oil were pressurized to facilitate the flow of oil over
the test panel surface. The resulting flow pattems were recorded on color still and
motion pictures using cameras positioned on the top wall of the tunnel test section
at a location approximately over the protuberance. The primary oil flow studies,
using the 4-inch diameter protuberance, were conducted during the last two days of
testing. For these studies, the microphones were removed from the model, and the
holes were sealed with epoxy. Further, the test panel was painted with white enamel
to improve color identificarion of the oil flow pattems. This technique proved
extremely efficient for flow visualization over the test panel since it eliminated the
need to interrupt testing between test conditions as required for conventionai flow
visuclization studies. Thot is, the cil for the present technigue remains sufficiently
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fluidic that it adjusts to a change in flow pattern rather easily; whereas, conventiona!
oil flow techniques (titanium dioxide solutions for example) require that the oil
evaporate leaving a residue of substance in order to identify the flow pattern. A
titanium dioxide solution was applied to the test article for the last run of the test

to identi’y the flow puttern over the wall of the ‘~inch diometer protuberance at

Mg =1.0, h/D =2.0. For this run, the surfaces of the test punel and protuberance
were painted black.

Test Procedure

Prior to testing on each day, a complete system calibration was performed. This
"pre-test" calibration consisted of zeroing the protuberance height potentiometer
readout, leak checking of all the pressure orifices and prebes, and both acoustically
and eic . *rically calibrating the microphone/ data acquisition system. The acousiic
calibration consisted of exciting each microphone at 150 dB with the Photocon PT-125
calibrator, and adjusting the input electronics to the tapz recorder so that equal
sensitivity was obtained for each mi=rophone channel. The electrical calibration
consisted of inserting a 458 mv (equivalent to 170 dB which was full scale) 1000 Kz
sinusoidal osciilator signal into the microphone charge amplifier self-test inputs and
recording the resulting signal on the data tape. This calibration was followed by a
45.8 mv (equivalent to 150 dB} 1000 Hz self-test input which was recorded also on
the data tape. Further, a broad band random noise signal was recorded on tape
through the self-test input. The sinusoidal self-test calibration was repeated at the
beginning of each new reel of data tape during each day of testing. Periodically,
the entire microphone/data ocquisition calibration sequence was repe. .ed following
a day of testing for hot "post-test" calibration records.

For air-on testing of the cylindrical protuberances, the protuberance height was
varied wi*h Mach number held constant for a given run. In general, data were
obtained for monotonic increases in protuberonce height because of possible hysteresis
effects associated with boundary layer separction. For several configurations and test
conditions, data were obtained also for variations in protuberunce height which
monotonically decreased so that hysteresis effects could be evaluated. There was no
noticeable effect on the test results. The procedure of varying protuberance height
while holding Mach number corstant was adopted because of the iesser time involved
in protuberance height variations as compared to variations in Mach number. However,
for the kTS and APS protuberances, variations in height were not required, oud data
were obiained for monotonic variations in Mach number ~ with boti increasing and
decreasing trends.

The test procedure for each cylindrical protuberance was as follow-:

® Data acquisition with the protubeiance and forward rake in
the fully retracted, (lush, position.

0



T

fn Sl GER VIR SN A o

¢

® Data acquisition with the protuberance in the refracted
position and the forward rcke in the fully extended postion.

® Doto acquisition with the rake in the retracted position and
the protuberance extended to heights ranging from zero to
~ight inches in fixed increments of 0.25 diameters.

The dota acquisiiion procedure consisted of, first, acquisition of the static pressure
data followed by acquisition of the fluctuating pressure recordings. Previous experi-

nce with the present instrumentotion systems indicated that noticeable instrumentation
noise was generated Ly the operction of the Scani-valve cyclic drive systems which
offected the microphone signols. Thus, stati~ pressure data and microphone data were
obtained in sequential crder rather than simultaneously. This procedure also allowed
for examinotion of the on-lir.e tabulation of mean flow data prior to proceeding to
new test conditions.

For severc ! configurations and tunnel test conditions, data were also obtained for
transient variations in protuberonce height (with Mach number held constant) and
transient variations in Mach number (with protuberance height held constant). For

" these runs, the protuberance height and Mach number were monitored and static pres-

sure daia were obtaired at discrete int:ivals without stopping the transient ruin for
data acquisition. The microphone outputs were recorded continuously for the duration
of each tronsient run.

-1
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4.1

4.2

4.3

DATA REDUCTION PROCEDURE

Introduztion

It was necessary to perform a relatively extensive reduction of the measured data to
define the tunre! test environment and the basic nean-flow and unsteady-flow
environments induced by three-dimencional protuberances at transonic speeds. Ir is
convenient to discuss the data reduction in terms of 1) tunnel flow parameters,

2) mean-flow parameters for the protuberance flow field, and 3) unsteady-flow
pararneters for the protuberance flow field. It should be noted that the computation
of mean flow parometers was performed on-line during the test; whereas, the compu-
tation of the unsteady-flow parameters was performed off-line, subsequent to the test,
utilizing the microphcne recordings stored on magnetic tape.

Tunnel Flow Parameters

The computation of tunnel flow parameters was performed on~line during the test
using stendard data acquisition and computer program routines adopted for this
purpose by the engineering personnel at AEDC. It suffices to state that the following
flow parometers were computed and tabulated utilizing the facilities at AEDC.

® Free-Stream Mach Number, My
® Free-Stream Dynamic Pressure, 9

® Free-Stream S atic Pressure, Poa

® Free~Stream Unit Reynolds Number, Re/ ft
o Stilling Chamber Total Pressure, Py

® Stilling Chamber Total Temperature, Ty

Mean-Flow Parameters

The computation of mean-flow parameters over the test article for the various
configurations consisted, primarily, of reducing the measured static and total
pressures to descriptive engineering terms. The static pressure measurements
were reduced to ratios of the local to free-stream pressure, Py /P, and to

standard pressure coefficients, CP. The total pressures from the boundary layer

rckes were reduced to ratios of velocity, U, /U, and to profile Mach number, M, .

The boundary loyer displacement thickness, 5%, and momentum thickness, 8, were
computed olso from the total pressures at both the forward and aft rake positions,
Further, the boundary layer displacement thickness and momentum thickness were
computed at model station zero utilizing Bie's empirical relationships (Reference 22).
The reduction of all static and total pressure measurements to mean-flow parameters
were performed utilizing the digital computer facilities in the AEDC Propulsion Wind.

12
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Tunnel Facility. Pertinent equations used in the computation of the mean-flow
parameters are presented in Appendix A. A typical printout of the on-line data
is presented also in Appendix A.

Unsteady Flow Parameters

The computation of unsteady flow parameters to define the salient fluctuating pres-
sure characteristics of the perturbed flow field induced by three-dimensional protu-
berances consisted of reducing the microphune recordings to descriptive statistical
parameters. The procedure for this data reduction was very complex and certainly
the most time consuming phase of the study. Both ancleg and digital techniques were
employed in the data raduction process as noted in the following sections.

Analog Data Reduction
The analog data reduction instrumentation consisted of the following:

® A 1.5 MHz magnetic tape recorder with a nine channel,
demodulator/tuner system for demultiplexing the FM signals
recorded on each tape track. The demultiplexed signals
were a reconstruction of the originally recorded microphone
signals for the frequency range from 0 to 20 kHz.

® A Briel and Kjaer Type 2112 Audio Frequency Spectrometer.
The B&K spectrometer provided for 1/3-octave spectra and
overall sound pressure level analyses.

® A Briel and Kjaer Type 2305 Graphic Level Recorder. The
B&K Level Recorder provided plots of the 1/3-octave spectra
and overall sound pressure level.

The analog instrumentation was used in the reduction of all fluctuating pressure
measurements to overall sound pressure level (OASPL) which were plotted on a dB
scale by the graphic level recorder. Approximately 15 seconds of the real-time
microphorie signals were used in the analysis-of each OASPL. Further, the frequency
range covered by the cnalog equipment for the determination of the OASPL was from
2 Hz to 20 kHz.

The procedure adopted for the OASPL date reduction was to, first, adjust the data
reduction electronics to give a 170 dB reading on the graphic level recorder for a
458 mv calibration signal recorded on each reel of tape for each data channel to be
reduced. The calibration signal was recorded for each channel so that a permanent
record could be maintained. Following the calibration set-up, the desired data
channels were reduced to QASPL. This procedure was repsated for data on each new
reel of tape. The OASPL data were reduced further to root-mean-square coefficients

13
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of fluctuating pressure, ACp (RMS), by hand computation, using the following
equation to relate the OASPL to the RMS fluct.uting pressure:

OASPL =20 log,, AP(RMS) + 127.582 dB (4.1)

where the OASPL is referenced *o 2 x 107> Newtons per square meter and
AP(RMS) is in units of pounds per square fuot.

The analog instrumentation facilitated a rapid reduction of the fluctuating pressure
measurements to RMS coefficients, thus, enabling the important microphone channels
to be selected for digital reduction to more complex stafistical parameters. The analog
data reduction instrumentation was employed also to obtain 1/3-octave spectra of
representative microphone channels for comparison with digital computations.

Digital Data Reduction

Selected data were reduced to descriptive terms using a CDC 3300 digital computer
facility. The output from the magnetic tape system was converted to digital form

using the CDC 3300 computer equipped with Texas Instruments Model 844 analog-to-
digital converters and two model 845E multiplexers. The computer system was capatie
of acquiring analog data and converting it to digital format over two simultaneous
channels at a rate of 41,700, 12-bit samples per second per channel. The converted
data was recorded on 7-track digital magnetic tape for subsequent analysis and tabu-
lation. A comprehensive description of the computer programs used for digital analysis
of the fluctuating pressure data is presented in References 23 and 24. The computations

consisted of the following parameters.
© Root-Mean-Square Fluctuating Pressure Level, AP(RMS), psf
¢ Overall Sound Fiessure Level, OASPL, dB
® 1/3-Octave Center Frequency, f, Hz
® 1/3-Octave Reduced Frequer;cy Parameter, f£/U,
® 1/3-Octave Sound Pressure Level, S(f), dB
® Power Spectral Density at 1/3-Octave Center Frequencies, ¢(f), (psf)z /Hz
i qumolized Co-Spectral Density, c(&,f)
® Normalized Quad=Spectrul Density, q(¢,f)
® Total Cross-Spectral Density, G(&,f), (psf)2 /Hz
® Phase Angle, a(£,f), deg
® Coherence Function, 7; (&,6)
® Convection Velocity, Uc(f), ft/sac

14
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The analog forms of peri:nent data reduction equations for fhe foregoing unsteady
flow parameters are presented in Appendix 8.

It was noted in the preceding section that the fluctuating pressures were reduced to
RMS levels using analog instrumentation. However, data which were selected for
more complex analysis on the computer were also reduced to RMS levels, thus, pro-
viding a means of cross~checking the results. A discussion of the comparison between
analog and digital results is presented in Section 5.3.3. The digital computation of
RMS fluctuating pressure was performed using digital samples taken at N points in
time as follows:

3

N
AP(RMS) = TL" PN (4.2)
n=1

where P, is the digital sample of the pressure P(t) with P=0.

The method of digital computation of the spectral density parameters was based on o
direct, finite, Fourier transform of the pressure time signals which ware thence con-
verted to power spectral density. The "Fast Fourier Transform" (FFT) algorithm was
used to calculate the finite Fourier transform. The method is briefly summarized in

the following paragraphs.

Let X{j) and Y(j) be the microphone pressure signals recorded at times j At, that is,
the time functions defined at N points in time, At apart. The finite Fourier transform
of X and Y are:

_ 3
A(K) = 20 X(j) exp (-21;: —,\’T) (4.3)
J:
B(k) = Z Y() exp( 2«.-"-) : (4.4
where
k=012 ..., N-J

- VT

A spectral window Is required and may be applied by weighing the X and Y samples;
or, for the window used in the present analysis (see Reference 24), may be applied by
smoothing the real and Imaginary parts of A and B with weights =1/4, 1/2, ~1/4, Thus,
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modified periodograms are used (a periodogram obtained from data to which a window
other than the Dirac comb function has been applied is known as a modified periodo-
grom). The modified direct~ and cross-periodograms of the signal pairs are:

L(k =] AW (4.5)
(k) = 8(k) [ (4.6)
Ly(k) = A'(K) B* (k) (4.7)

where A'(k) and B'(k) are the smoothed forms of A and B and the asterisk means
complex conjugate. These periodograms may ke converted to power spectral density
with each value having 2 degrees of freedom. To increase the statistical accuracy,
a series of p periodograms from adjacent sets of data are averaged, thus giving power
spectral density results with 2p degrees of freedom. The method is to divide the N
values of X(j) and Y(j) into p sections each of length m, sum the I(k) for each k and

divide by p, i.e.,

M-

T =5 Xy Ik, )
r=
L&

k) == ?;] [yl (4.9)
P

T;cy(k) =-:;- 21 (1 (K], (4.10)
r=

where now k =0,1,2, ..., m = 1 and the total number of values of each signal which
has been used Is mp, Power spectral density results are defined for m/2 + 1 positive
frequencies from 0 Hz to 1/(2 At) Hz, giving a frequency intarval of 1/(m At) Hz,
The direct and cross-power spectra! densities are given by

0 0k) = 32 m ArT(K) (4.1
0,0 = 32m ArT(k | (4.12)
0y (k) = 32 m ArT, (K (409

fei ‘he spectral window defined for the modified periodogram as discussed in
Reference 24,

16
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The power spectral density expressions given above were obtained at the frequency
interval of 1/(m At) Hz and subsequently converted to values 1epresentative of 1/3-
octave bands. USASI preferred frequencies were used in the specification of the 1,3-
octave frequency intervals and center frequencies. This averaging process was per-
formed utilizing power spectral densities from Equations 4.11 to 4.13 contained within
each 1/3-octave band as follows:

f

] U
%0 = 5 ; o (k) Af, = o(f) (4.19
£

i
¢ (f) = Z?;_ E cpy(k) Afy = ® ? (4.15)

f

] U
g — k —4 .
Pyl Aty % 9, (9 &f, = G(&,) (4.16)

where Af|/3 represents the 1/3-octave band, af| is the interval over which the

power spectral densities values ¢(k) apply, and fy and f  are the lower and upper

frequencies, respectively, of the 1/3-octave band, Af|/3 . At the edges of each

1/3-octave band, the value of ¢(k) was obtained by linear interpolation between the
appropriate neighboring values of ¢(f). It should be noted that this averaging process
results in average energy per Hz within each 1/3-octave band rather than the total
energy in the 1/3-octave band. Further, this averaging process increases the number
of degrees of freedom of the direct and cross-power spectral density estimates in the
same way as averaging the periodograms as indicated in Equations 4.8 to 4.10. See
Section 5.3.3 for o discussion of the statistical accuracy of the computation. It will
be noted in Section 5.3.3 that, to further increase the statistical accuracy of the
computations at the low frequencies (below 200 Hz) and concurrently maintain
acceptable computational times, it was necessary to average power spectral density
values over full octave bands, Thus, below 200 Hz, data are presented only at the
full-octave center frequencies.

The method of calculating direct and cross-power spectral density results in which
the frequency range is divided into a seiies of bands, as des sed in Reference 24,
was used in the data reduction computer programs. This method requires the use of a
digital filter to successfully halve the frequency content of the time signal. The
largest frequency interval 1s obtained in the upper frequency band and the interval is

17
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successively halved ir each lower band. This process accounts for the ronlinear
vatiations of the number of statistical degrees of freedom and normalized standard

error with frequency as discussed in Section 5.3. A considerable amount of computer
time was saved by the digital filtering process compared with the method of calculating
the power spectral density with a constant frequency interval low enough to obtain the
one-third octave band centered at 25.1 Hz.

The direct and cross~power spectral densities were used in the calculation of several
useful functions which express the properties of the fluctuating oressure. Noting

that the cross-power spectral density consists of both real and imaginary components,
such that

G(E,f) = C(Erf) - Q(ch) (4‘]7)
the following functions can be defined:

Normalized Co-Spectral Density

_Cle.h (4.18)

c(£,f) =
[o(F) ¢£<f>1%

where C(& ,f) is the real component of the cross-power spectral density, G(&,f).

Normalized Quad-Spectral Density -

Q(é, '
q(€,f) - _QGA (4.19)

[44) 9, (013
where Q(£ ,f) is the imaginary component of the cross-power spectral density, G(&,f).

Coherence Fu nction

vA(EM = (4.20)

Phase Angh

a(£,f) = tan™! [—%‘fffi}] | (4.21)

18
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Narrow-8and Convection Velocity

U.(f 2u f o 4.22)
T “
Broaa-Band Convection Velocity
k
Y U, Af,
g, = 22! | (4 23)

n=1

A typical printout of the digital computations is presented in Appendix B. Also, the
analog form of pertinent equations used in the computations are discussed in
Appendix B.
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PRECISION OF MEASUREMENTS

Tunnel Flow Parameters

The unceitainties associated with maintaining tunnel conditions were computed by
AEDC personnel (Reference 25). Thase uncertainties are estimated as follows:

Mach Number, Subsonic + 0.005
Mach Number, Supersonic +0.0°C
Total Temperature + 59F
Total Pressure + 5 psf

The uncertainties in tunne! flow parameters result from variations in setting and
maintaining tunnel conditions. The longitudinal variation of Mach number along the
centerline of the test section in the vicinity of the model is not included in the above
values and reaches a maximum of + ¢.007 at supersonic Mach numbers.

Mean-Flow Parameters

The pressure measurements of the model pneumatic system have beer eviluated by
measuring @ common pressure on all pressure scanning switches (Scani-valves) and

on the tunnel Precision Pressure Balance (PPB) system. The variations were a function
of the test condition total pressure (or Unit Reynolds number) and Mach number. Th
variations were line~r with tunnel total pressure such that, when expressed in terms o
pressure coefficient, the variations were constant at a given Mach number. The maxi-
mum variations in C,, based on the worst casss encountered, ranged from + 0.009 at

My =0.60 to +0.026 at M, =1.60. These variations wera computed directly from
the variations in measured stotic pressures using the PPB system as a standard and do not

take into account the uncertainties associaied with either the PPB system or the
uncertainties in dynamic pressure.

In addition to the uncertainties presented above, variations in C_ were measured over -

the test panel for protuberance~free flow conditions (protuberance in fully retracted -
position). These spatial variations resulted from nonuniform flow over the test panel
and are attributed to the aerodynamic characteristics of the model rather than varia-
tions in tunnel flow. A discussion of the spatial variations in Cp due to nonuniform

aerodynamic effects is presented in Section 6.2.1.

Unsteady Flow Parameters

Precision in the measurement and reduction of fluctuating pressure data is an
important, but often neglected, characteristic of the rasults. Almest any review of
published test results for fluctuating pressure environments will reveal considerable
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scatter (and often a lack of agreement) between the results from the various cxperi~
mental studies. One good example is the cose of attached turbulent boundary layers.
Here, numerous studies have been conducted in both wind tunnel facilities and in

iree flight; however, considerable scatter has been shown in the results from the
various sources. Further, only in rare cases has the precision of measurements been
presented with the data. Thus, it must be concluded that the errors and uncertainties
contribute signilicuntly to the lack of agieement between exparimenis. This is
particularly true for fluctuating pressure enviranments of relotive low overall fevel
since numerous sources of error can be present in the measured data which are of the
same order of mognitude as the fluctuating pressure of the phenomena under study.

For the present test results, o comprehensive analysis of the precision of measurements
hos been made. For the purposes of this analysis, the precision of measurements will
be distinguished by 1) errors, and 2) uncertainties. Errors are defined as deviations
from the true values which are deterministic in the sens - * they can be assessed
through proper calibration and analysis. Further, errorsn e applied directly to the
measured data to minimize the inoccuracies in the final results. Uncertainties, on the
other hand, are defined as deviations in the measured data about the true value and
are nondeterministic in the sense that they cannot be applied directly to the data to
determine the true value. Uncertainties represent the confidence band or confidence
limits of the test resuits. At this point it should ve noted that the data presented
herein have nct been corrected for the estimated errors. However, the errors are
presented in a torm which is consistent with that of the results, and, thus, may be
applied with relative ecse to selected results. The extent of the present data reduc-
tion and analysis (with the primary aim of determining the salient features of the pro-
tuberance flow fields) precluded the correction of all the data for kaown errors, and
thus the data is presented in uncorrected form with the errors specified in this section.

Inaccuracies in the mencurement and reduction of fluctuating pressure data result
from a number of sources ranging from the inaccuracies associated with the data
acquisition electronics tu the statistical inaccuracies of the final computations. Tre

purpose of this section is to note the predominant sources of inaccuracies and to assess their

order of magnitude. It will be noted thot errors presented herein could be interpreted
as uncertainties in the data, since no effort has been made to adjust the test results for
known error coniributions. For example, reasonable estimates of instrumentation
noise, tunnel background noise and system response are determinable; however, these
contributions are relatively small compured to the level of the fluctuating pressure
associated with the protuberance flow field. Thus, the contributions from these
extraneous sources could be regarded as uncertainty errors in the precision of the
measurements if so desired. On the other hand, the data may be refined in accuracy
by applying the appropriate corrections presented herein.

21



The following tabulation consists of errors and uncertainties which are knewn to be
" prevalent in the data presented herein:

® Fxtraneous Noise Errors

— listrumentation Sysiem Noise
— Tunnel Background Noise

® Frequency Response Errors

— System Frequency Response
— Finite Microphone Size

® Data Reduction Errors and Uncertainties

- Shtisti:ql
— Technique

In the following sections, ‘he errors and uncertainties associated with each of the
foregoing sources are discussed and assessed. For the purposes of this analysis, it is
assumed thot the various extraneous noise sources are uncoirelated between microphone
channels such that noise correlation errors are not present in the cross-spectral density
computations. A thorough exarination of the noise correlation problem is in progress;
however, these results are not avoilable at this time for inclusion in the present report.
It is anticipated that a separare report will be prepared in the near future defining in
more detail the uncertainties in the cross-spectra due to the possible correlation of
extraneous noise. The present precision of measurement analysis has considered the
overall fluctuating pressure level and the power spectra. This analysis is summarized
in Section 5.3.4.

Extraneous Noise Errors

The presence of extrungous noise in recorded data riay have a significant effect on
the accuracy of the various staristica! parometers used to describe the characteristics
of random phenomena under study. For the present wind tunnel investigation, the
recorded fluctuating g ressure data contained extraneous signals superimpased on the
true pressure-time histories. The notable extranecus r.oise sources are .o instrumen~
tation system noise associated with the data acquisition equipment, and cerodynamic
noise associated with the test facility air stream. Since the frequency domain of
intarest for the true fluctuating nressure data may coincide with that of the extraneous
noise, removal of the noise cannot be occomplished by a simple filtering of the
measured signals. Thus, one must resort to stuiistical means of extrach ag the true
fluctuating pressuce doto tiom the meosured dota. One other altemative is to evaluate
the statisticai charecteristi: - ( f the extraneous noise snd include these data as errors
in the precision of mazey .- This lattar approach is certoinly feasible when the
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fluct.~*ing pressures ossociored with the unstenay lon phenomenc unger udy cre
much larger thon the effective level of the exticrecus nuise. For tre present test,
the lcsels of extronensus noise ore relativel y small compared to the fluce :ciin:-, pres-
sure levels associcted with thie protuberance fiow fiel-' and, consequently, th

extroneous noise moy be considered os uncertainties ir. the precisicn of meosurements.
A brief ostessment of the two predominont extroneous noise sources - instrumentation
system noise and tunnc! background noise - cre presented herein.

Instrumentation Noise

The instrumentction system noise was onalyzed fiom the wind-off doto records. The
overoll system roise levels expressed os equi.alent RMS fluctusting pressure and
representing the meo:. of the track-to-track deviations ore presented as variations
with VCO carrier frequency in Figure 14a. The presentation of results representing
the mean of the 14 tape trocks is felt to be appropricte here, since track-to-track
devigtions ocbouf the mear: are effectively errors in the error and, thus, hove o second
order effeci on the precision of the meosurements. The system noise increosed with
increocsing corrier frequency . This increose is exploined by: 1) the noisc of the tape
recorder increases ot higher freque~cies cerresponding to the higher carrier freq-encies,
2) the high frequency channels are more susce,.ibie to tope fiutter due to their smoll
percentage deviation, ond 3) the harmonics ¢f the lower frequency channeis ore
present in the higher chonnsl poss bands. Previous coiibrations conducted by MAS/ -
MSFC indicated tha. worse cose signo! ~to-noise ratios run from 26 dB to 38 '8 relative
1o the full scale deviction of oll channe!s. These doto are consistent - -ith the present
test resuts whicn show mean signol ~to-noite ratios ranging fiom 27.7 dB for VCGO
channel No. 9 to 37.3 dB for VCO chennel No, !.

The power spectro of the instrumentation noise for the various microphone channels
examined were ali ¢imiiar in shape. Thus, it suffices to examine only the mean power
spectru~ oblained [ averaging the spectro for the nine VCO channels. The taope
trects - whi.h tle nine VCO chonnels were selected were typicol of oll 14 tracks.
It shouid be ... _d that vo.jotions in instrumentation noise from channel to channel
results in o cotresponding variation in meosured doto. Thus, o comperison of averaged
instrumentariion noiss with averages meosured dote introduces little error into ‘he finol
anclyses. Fusther, deviations about the average due to channel~-to-chonnel and track-
to~track vorictions ore errors in the srror and thus moy be considered as hoving o

second ordes effect us previously mentioned. The mean spectrum for the instrumentation
noise is prasentsd in Figuie 14b os the distribution of equivolent mean-square fluctuoting
pressure ...in frequency.

Tuni el Boc&ggund Noise

The most difficult ext~snacus nolse source to svaluate Is the wind tunnel backgraund -
noise. Avcumts meosuremeni of the wind tunnel bockground nolse is comolicated by
*he-fact thet any colibmtion probe will generate its cwn cerodynomic flow field which
may re-wir in thy meosurement of erronsous tunnal acisa. In the past, little asteniion
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hos been given to the problem of wind tunnel noise, and the gencral trend has been
to ignore the problem, Fortunately, measurements have been made for the teir
facility used in the present study; although, these data do not completely define the
noise environment. The data, presented in Reference 21, consist of overall RMS
fluctuating pressure and power spactra. These data were obtained using a slender,
modified cone having a 5-degree half angle. Microphones were flush mounted along
one meridian of the cone and spaced so that meosurements could be abtained in both
the laminar and turbulent regions of the cone boundary layer. Typical overall
fluctuoting pressure levels, in terms of the A C_(RMS), are presented in Figure 150
for the Mach number range from 0,60 to 1.40. Maximum free-stream fluctuating
press.res were present at Mach numbers near 0.70. It will be noted that data for the
present study as obfained from the test panel with the protuberance in the fully
retracted position are presented also in Figure 150, and these doto compare reasonably
well with the colibration results. The dats for the test panel af each Mach number
represent the mean of approximately 88 microphone readings taken along the center-
line of the test panel. As for the instrument noise case, the deviations about the
mean hove o second order effect and, thus, are neglected. The agreement between
the calibration probe results ond the test parel results is not too surprising even though
a relatively thick turbulent boundary loyer wos present during the test pane! measure-
ments. It will be shown thot the fluctuoting pressures contributed by the attached
turbulent boundary layer range from 10 fo 20 percent of the total fluctuating pressure
level based on a mean square comparison, Based on this finding, it is concluded that
the protuberance-free, test panel result< con be used to estimate the extraneous noise
by applying an empirical correction to these data for the turbulent boundary layer
noise. That is, with the protuberance in the retracted position (denoted by the sub-
script, 0) consider the measured pressure, P(t),, as the sum of three stationary random

processes ~ tunnel noise, P(t), instrumentation noise, P(t)[, ond attached boundary
layer ncise, P(t)g, where the total extraneous noise, P, is the sum of P(t)y and
P(f)l, such that

P(t)y = Py + P(t) + P(t)g = P(g + P(t)g (3.1)

It foilows that, if the various components of the mscsured signe!, P(t),, crs
statistically independent, then the mean square fluctuating oressure is given by

[PRMS) 15 = o [AP(RMS)]] + € [ AP(SMS' |+ [AP(RMS)I§

= o [AP(RMS)]Z + [AP(RMS) ] | | N X

where the prefix e denotes an error term,
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In RMS coefficient form, the mean square fluctuating pressure as given in Equation
5.2 becomes

1

— w2 2 2)2
[AC(RMS)], = {e [AC,(RMS)1] + & [ AC,RMS) || + [AC,(RMS) 1 |
={e 1ac (wms))% + 1aC (RM3)1 G } (5.3)

Thus, the test panel results may be used to obtain an estimate of the total extrancous;
noise level by direct subtraction of ‘he mean square boundary layer noise from the
mean square test panel data. A comprehensive analysis of turbulent boundary layer
fluctuating pressures has been made by Lowson (Reference 26). This analysis was
based on a broad selection of experimental results from a number of different sources.
An empirical formula for the boundary layer fluctuating pressure leve! which appears
to agree with the gerieral trend in the data is given by

[ACP(RMS)]B = 0,006/(1 +0.14 M?) (5.4)

The variation of the estimated boundary layer noise from Equation 5,4 with Mach
number is presented also in Figure 15a.

Utilizing Equations 5.3 and 5.4, the following expressions are derived for the total
extrangous noise and the tunnel noise.

: )
- 3.6x10% |
e [ AC_(RMS)] =‘[AC (RMS) ] = (5.5)
FPETE TP 0.4 M2
, ) . 2 3.6x107 %’*‘
o [ACRMS)1y = ] [AC,(RMS)]; - = [ AC (RMS)]] - . (5.6)

(1+0.74 MY 3
where the Instrument nolse, e [ACP(RMS)II, may be obtained from Figure 15k,

Varlations of the total exiraneous nolis, instrumentation noise, and tunnel ncise with

Mach number are presented in Figure 15b snowing o comparison with the total measured

results. It Is evident that, for the pretubsrance~free cass, the tunnel noise dominates
the maasurad signal from the relative mognitude of the contributing processes. It Is
also evident that little insight Into_the attached turbulent boundary loyer case could
be gainad from the test ponel measurements with e protuberance retrocted. Agaln,
it should be emphasized that the primary objective of this study wos the examinatien
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of the protuberance flow fields and not the undisturbed boundary laye: noise. For
this reason, the protuberance-free data are presented only as an indication of the
extraneous nuise levels in the protuberance flow fields in subsequent figures.

The errors in the power spectra resulting from extraneous noise may be analyzed in
a manner similar to that used in the overall fluctuating pressure level analysis.
Again, it is necessary to rely on an empirical formula for adjusting the measured
test panel results for the contribution of attached turbulent boundary layer noise,
For the boundary layer, Lowson (Reference 26) derived the following empirical
formula for the power spectral density.

_ 2
[Mf)lB = [ACP(RMS)IB p (5.7
f2 2
f
0
where
U
_4 o
Ly

It will be noted that the power spectral densities for turbulent boundary layers are
a tunction of free-stream dynamic pressure (qco) , free~stream veloctty (Um) , and

boundary layer thickness (6). There is much uncertainty regarding the appropriate
boundary layer parameter to be used In the normalization of the power spectral
density. .Lowzon used the thicknzas (6); whereas, others have used displc zement
thickness (6*), momentum inickness (8), and wall sheor stress (t). For the present
report, 8% has bee:: selected so that the results would be consistent with the two-

~ dimensionai protuberance results of Chyu and hanly (Reference 27), However, It

should be noted that protuberance diameter definitely controls the scale of the
perturbed flow field in the three~dimensional case, and any generalization of the
data should Include this paramater.,

For the analysis presented herain, comparison between two=- and three~dimensional
protuberance flows are discussed, and §* appeared to be an cdequate normalizing
parameter For the undistyrbed flow case, It Is felt that Equation 5,7 Is appropriate
for estimation of the boundory layar nolse spectra even though 8% Is used os the
norinelizing parameiar

Using erauments similar fo that for the overall fluctuating pressure analysis, the
measured power spectral density for the protuberance=-free test panel may ba expressed
ast - -
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5.3.2

(9], = o (o] + e (0] + [0(A)],

e (q»(f)lE +(4>(f)lB (5.8)

where, as befora, the subscripts T, [, B and E represent the tunnel, instrumentation,
boundary layer and total extraneous noise contributions to the measured signal (sub-
script 0). The errors in the measured power spectra are given, for the total extraneous
noise and the portion due to tunnel background noise, by:

o 901 = 1M1y - (o)1,
o 901, = (9], - (D] ~ o (o)), (5.9

where [ ¢(f) ]B is defined by Equation 5.7 and e [:t:(f)]l is given in Figure 14b, Power

spectro, representing the protuberance-free measured data, total extraneous noise,
Instrumentution noise, tunnel nolse and boundary 1ayer noise, are presented in

Figures 16a through 16f for free-stream Mach numbers of 0.60 through 1,60, respec-
tively. It Is noted in the ipactra that the difference between the extraneous nolse
and the protuberance-free measurements cannot be distinguished since the contribution
of the boundary layer nolse is negilgibly small, Further, the extraneous nolse Is

_attributed primarily to the tunnel background nolse as was noted in the cverall levei

results,

A’ this poiit it should be noted that the tunne! background noise was affected also by
the frequency respuise characteristics of microphone system (see rext section), How-
ever, It is convenlent to leave the tunnel nolse error (and total extraneous nolse error)
in a form which Is uncorrected for frequency response errors as discussed In the next
section,

Frequency Response Errors

Iz addition to the extraneous nolse errors discussed in the preceding section, another
important souiue of error should be evaluated ~ the frequency respose, The frequency
response of the data aequisition system is a function of 1) the siectronics of the system,
and 2) the attenuation characteristics of the microphone due to tha finite size of the
microphone sensitive area. In the evaluation of the frequency response errors, It Is
convenient to discuss, flrst, the offect of frequency response on the power spectra,
and from this evaluation, assess the effect of tho response error on the overall

- fluctuating prassuro level, It will be noted that the frequency *esnonse arrérs cannot

be expressud as an aitsolute value as was the case for the extransous nolss, wit rather,
must be expressed as o function of the measured power spectrgl demsity, Thus, each
powa- ipectrum prasented harein will have an associare frequancy response correction
ipectrum,

7



i

e M B e e e

System Elecivonics

The frequency response characteristics of the electronics of the microphone/data
acquisition system are illustrated by results obtained from NASA-MSFC in Figure 17,
The recording system frequency response was flat for the frequency range from 20 Hz
to 20 kHz. Thus, no errors ure attributed to the recording system. The frequency
response of the microphone electronics was obtainad from discrete frequency calibra-
tion signals inserted into the charge amplifier self-test inputs, recorded on tape, und
subsequently played back for analysis. Typical calibration results are expressed as
the ratio of the output-to-input power, The frequency response is shown to be flot
within + 1 dB for the frequency range from 20 Hz ta 10 kHz, The frequency range

of the present power spectra analyses corresponded io tha 1/3 octave bands with
center frequencies ranging from 25 Hz to 16,000 Hz, anc ine response attenuation
was less than 3 dB for this frequency range. Bafore proceeding to the development of
the error due te rrequency response characteristics of the microphone electronics, it is
convenient to assess the frequency response error attributed to the finite size of the

microphone .

Microphone Size Effect

The measurament of a random pressure field by a microphone having a finite size
sensitive area Is subject to error bacause the microphone senses the spatial average
over its face rather than a point value. To assess this error, It is necessary to have

a priori knowledge of the true pressure fleld, Since the true pressure field is unknown,
and In fact is precisely the narameter under study, determination of the microphone
size effact hecomes very difficult to assess, Several investigators have evaluated this
problem through various mathematical madels of the pressure field for attached boundary
layers (References 28 - 33), However, thelr resulis are not directly applicable to the
separated and wake flow fields as encountered in protuberance flow fields, In par-
ticular, tho correction factor for the finite microphone size Is a function of the cross-
spectrum characteristics of the pressure field, For the bourdary layer case, sufficient
data is avallable to provide an empirical formula for the cross=spectrum, and thus a
priorl knowledge sufficient to enable empirical size correction factors to be derived,
The problem Is considarably more complex for the three-dimensional protuberance

flow field, First, previous data s not avaliable with which to compare the present
results, Second, If data were avallable, the nonhomogeneous cnaracter of the flow
fleld would preclude the derlvation of a general correction factor, Thus, only a
crede approximation of the correction factor appears feasible without an extens!ve,
and time csnsuming study of the problem,

For tho present analysis, 1t will be asiumed that the turbulence structure for the pro=
tuberance flow fleld bears some resemblancs to that of the boundary layer, !n par-
ticular, It Is assumed that the cross~spectra for the protukerance flow field has the
same form as that for the boundary layer, and thus may be defined by the following
empirical formula: )
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where &, and £, are the separation bstween points in the fongitudinal and lateral

directions, respectively, und Ty and C, are cumstaints which represent how fast the

correlation decays in the longitudinal and lateral directions. For the boundary layer,
Cy= 0.1 and C, ™ 0.7. For the protuberance flow field the dacay appears to be

more rapid in t! & longitudinal direction due to the dispersive nature of the flow field
both upstream nd downstream of the piotuberance. In the nack region of the wake,
the cross-spectra corretpond closely to tha exponentially decaying cosine with
Cy> 0.2, in the separated region upstream of the pr *uberance, tie decay Is

noticeabiy more rapid with the constant C ranging from pproximately 0.4 to 0.8,

It was noted In Reference Z8 that an increase in the longitudinal decay rate would
increase the sensitivity of the microphone, and consequently decrease the response
error, Thus, a ccnservative estimate of the microphone size responss error would
correspond to the lower C) value of 0.2 associated with the wake dota. Lateral
cross-spactra were not computed tor the presen: data, however, it is reasonable to
expect the lateral decay rate to be aquivalent to the boundary layer (0.7) or less
bacause of the three-dimensional character of the flow field. Transverse velacity
components will have a tendency to decrease the lataral decay rate, Thus, @ value

of C; = 0.4 Is arbitrarily chosen. For the range of Cy and C; which oppeans practicel
for the protuberance flow fleld, there does not appear to be a very significant change
in the microphons correstion facter (see Referance 28). Thus, the selection of
Cy)=0.2 and C; =G.4 appears 1o he adequate for a prediction of the microphone <ar-
rectlon factor, The resporwe funciion, M(f), which represents the ritio of tha mees.:s-:
power spactral density to the true power spectral density In regard to microphone w s«
offects, is presented versus normalized frequency In Figure 18, Thesa daia were
obtained from Reference 28, Since the convectian velocity Is a function of frequendy .
the proper numerical vaiues of Ug may be used in estimating M(f) for a particular fre-
quency, The radius of the microphore effective diameter, r, 1s 0,078 in,

For a further approximation of tha microphone size error, conilder the neck region of
the protuberance wake as In the preceding discussion, Here, the convectisn velacity
(=t high fraquancies where microphone size bacomes important) 1s approximately squei
to the free=stream velocity, Thus, making this substitution for U_, the variation of
M(f) with frequency may bo approximatud for each Mach number, These results are
discussed In combination with the frequency response characteristics of the syitam
elactronics In the next section,
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Comkinzu Response Error
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At this point, the frequency response functions, E(f) for the system electronics and
M(F) for the finite microphone size effect, may be combined o give o total frequency
response function, R(f). Noting that:
[ Output Power]e
E(f) =- (5.11)

[ Input Power]

[Output I’cwer]m
M(f) = (5.12)
[ Input Power |,

and

{Input Power] = [Output Power] (5.13)

it follows that:

[ Output P°W°ﬂ’_

N0 = EO MO = i (5.14

where [Outpur Power] Is the power assoclated with the measured signal and
[ Input Power?m is the power associated with the fluctuating pressure fieid under

yxamination, The total frequency response funsiion, R(f), s presented in Figure 19
and It ls these data that should be used In the evaluation of the total frequency

reeponse srrors

To utiilze the frequency response function to evaluate the error which it contribute:

to the measurad signal, It is necassary to re=examine in some datail the characterlstics
of the extraneous nalse presented In the preceding section. The instrumeriation syctem
nolie resulted primarily from the data recording electronics. Thus, the Instrumentation
nolse was not affected by the frequency rezaone characteristics of the microphone
system, Tt Tollows that the Tnatrumentation nolse error must oe removed trom the
Meaiured data prior to applying the frequency response eoruqiian, On the other hand,
the turmnel rolse crror was affected By the frequency responte of the rlarophane system, -
ord, thus, It may be removed either bafore or after the frequency response 2orrection,
If the tunnel nolse error ls removed after the frequency responta correction, then the
tunnel nolse correction must alio be adjusted for the frequency responsa error. 1 is _
obvicusly more convenient to adjust the measured data fer the tunnel nolse evrur pricr -
to applying the frequency response correction, and for this reaton, the tunnsi nolse
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(and total extraneous noise) were presented in the preceaing section without the
frequency response corraction.

Since the frequency response functior is presented as the ratio of output=to=input
power, the esults may be appliad directly to the power spectra adjusted for extra-
neous nolse errors, That is, the power spectral density, corrected for both fiequency
response and extraneous noise errors, is given by:

ol - e o) '
o) =~ (5.13)

where e [q:(t)]E is given In Figure 16 and R(f) is glven in Figure 19. Again it should

be noted that R(f) as presented in Figure 19 is only an approximaticn due to the
ossumptions made regarding the cross-spectra of the fluctuating pressure field in the
microphone size analysis.

Equation 5.15 may be vied to derlve an expression for the total €r= - in the measured
power spectra due '« the combined effect of the extraneous noise and the frequency
response. Noting that

o o],z = olf) - O(N) (5.16)
it follows from Equatien 5,15 that
o [0 gyq = 90 - fo0 -2 (901} (517
R R(f)
The error attributed anly to the fraquency response is given by
o [0y = {06~ o [atN] | [n - -,;(1,3-] (3.18)

To assens the wifsct of the response errors on the overall sound pressure level, it 1s
necessary ‘o know the power spectra of the measured fluctuating pressuve anviranment.
Genzrally, the effect of the present response errors on the overall level will be
negliglbly small since the errors eccur primarily at high frequencies where the powe
spectral density ls small, However, noting that the overall fluctuating pressure tevel
Is rolated to the power spectral demlty by the following equation, the arror may be
computed for any glven case.

3

o vt Paas e -  die

At oy it bbbt PUSBIRE 5 4 W € ks

At BRI AU AR LI N, MRS O MU U v L sa AL s e



[ ¥ N
a

L

-

RN

zxn;:g

5.3.3

® 13
AP(RMS) = f olf) de (5.19)
0

For the present analysis, a broad band ‘ilter with a band pass frem 2 Hz to 20 kHz was
used in the reduction of the microphor, measurements to overall RMS level .

Thus, the error in the measured RMS fluctuating pressure, expressed in coefficiant
form, for the frequency range from 2 Hz to 20 kHz is given by

3
) y £ w0t
e[ACp(RMS)]R- IACP(RMS)] --q—; J —"--E(Tr—-—-df (5.20)
He

where the subscript, R, denotes that the error is due to the system frequency response.

It will be noted that the error resulting from the system response characteristics will
always be negative, such that the measured ACP(RMS) is less than the true value.

Pata Reduction Errors and Uncertainties

The primary errors and uncertaintles in the final data result from inaccuracies
associated with the data reduction process. Errars and uncertuinties associated

with the initial setup prior to acquiring the raw data are virtually eliminated since
the callbration, as rezorded on tape, are used in the Jata reduction process. Errors
and uncertainties associated with the calibrations then velves are considered nagligibly
small as compared to thote of the data reduction process. Thus, only the Inaccuracies
associated with the dota reduction process are considered in the estimation of errors
and uncertainties in the final data a3 presented herein.

Data reduction errors and uncertainties may be classified as 1) statistical, and

2) technique. The statistical Inoccuracies result, primarily, from uncertainties
ansoclated with the computution of estimated values of the various statistical parume-
ters. In random data analysiy, use ls made of finite bandwidths and finite somple
lengths. Thus, the final computations are not true values, but estimations of the true
values (100 Reference 34). As bandwlidth and/or sumple length ls Increased, the
uncertainties associated v:ith the data reduction proceun aw: decreased, MHowever, te
ebteln a certain degree of frequancy resolution, finite bandwidths are emplayed.
This, together with ine practicul nccenity to ('ml: the tima of the sample, results in
a cortaln ' gree of statlatles! uncartointy in the final statlatieal porameters. Teche
nlque » s and uncertaintias rew!t from the Inaccurasiss asociated with the equip-
ment employed In the data reduction process and the aullity of the percn performing
the dota reduction. For exomple, the accuracy of setting up the dute redigtion
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instrumentation, the accuracy of the various instruments employed, and the ability of
the individual in reading the reduced data, say, from a giaphic level recorder, will
have a direct etfact on the error and uncertainty of the final data. Technigue
inaccuracies are vecy difficult to assess, since szvervl individuals, instruments, and
sequences mav be involved in the interim between the raw data as recorded on tape
and the fino! daie paramater as presented in the report. It should be noted that
technique errcis and uncertainties are not limited to microphone measurements; but,
rather, ars present in all experimental data. However, for the present precision of
measurement analysis, only the microphone data will be considered in the assessme.«t
of technique arrors and uncertainties.

The purpose of this section is to define the inaccuracies associated with the computa-
tion of each statistical parometer. In particular, the inaccuracies will be estimated
for the RMS fluctuating pressure levels, the powar spectral densities, and the cross
power spectial densities.

The analysis of the inaccuracies for these parameters are discussed separately in the
following paragraphs .

Overall Fluctuating Pressure Level

The most convenie-ir term to use in the specification of the stetistical uncertainties in
the overall fluctuciting pressure level is the normalized standard ervor (¢). The nor-
malized standard arror is the ratic of the standard deviation of the astimate to the true
value. Physically, the normalized standard error may be interpreted as a fluctuation
ot scatter superimposed on the true estimate. In terms of confidence level, the
prebability that the computed (or estimated) value ¢ AP(RMS) will be within +¢ of
the true value is 68 percent, or one has 68 percent confidence that the uncertainty
will be within the limits imposed by + ¢ . The normalized stundard error for the
overall RMS fluctuating pressure level iz given by (see Refersnce 34).

s.d. [AP(RMS)] |
~
[AP(RMS)]ypyq 2 VBT

where the prefix ¢« Implies the uncertainty normalized standard error ¢/ the term

with the brackets, s.d. implies standard deviation; B is the bandwidth of the analysis,
and T is the sample length of data used. For the present analysls of AP(RMS), using
both analog and digital tachniques, the BT product was sufficiently large that ¢ was
negligibly small, For the analog analysts:

(5.2Y)

« [AP(RMS)], =

TR e
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B =~ 20,000 nz

T=15¢ec
BT = 300,000
}
¢ [AP(RMS) ], &8 ———=—- = 0.0009 (3...4)
Po2¢/RT

For the digital computation, the normalizcd standard errer may be expressed directly
as a function of the number of independent samples, N. For the present digital
computation,

N = 65,536
¢ [AP(RMS)]. = Jz—:\" = 0.0026 (5.23

Thus, for both analog and digital computations, the normnlized standoid et in the
overall RMS fluctuating pressures is less than | perceat and may be disregarded us a
significant uncertainty .

To assess the technique inaccuracies in the overall RMS fluctueting pressure lsvel, it
suffices to use a comparative technioue whereby the anal ag cemputations are com-
pared with the digital computations. The basis for this analysis is thei technique
errors and uncertainties are primarily assouiated with the analog instrimeniatior and
the personnel performing the data reduction; whereas, the digital computations are
ralatively free of technique errors and uncertointies. Noting that boi'- analog and
digitel computations are free of significant statistical uncertainties, it suffices to
evaluate the technique inaccuracies from a comparison of the analog and digital
computations. Data, representing 284 caiculotions for the Mach nirzur range from
0.40 to0 1.50, are prese~ted in Figure 20, it is ev_dent from the results presented i
Figure 20 that the analcg; results are, in general, gieater than the digitally conputs
results. Therefore, it appears that the analog results have been biased to the high
side, although this srror is very slight = on the order oF 4 percent oi 0.4 dB. This
error I3 well within the accuracy of th~ unalag instmanente iion employed in the dute
reduction process. The scatter about the mean, which is repraseniative of the te 1=
nique uncertainty in the dusa . is boundsd by = § oicent with 95 percent confivarce.
That is, 75 parcent o7 the dota falls within : 8 percent of the mean. Thus, assuming
o Govision diziribution of the watter about the mean, the norreliaar, stondard esror -
which 13 bosed on 2 68 percent confiderce leve! ~ is one half of the 95 percent con-
fidence interval, or ¢ 0. 04, In summary, the techainue error is jiven by:

o [AKRMS) ], = 0.04 [AP(RMS)] 3.24)

A
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and the technique uncertainty is given by

£ ¢ [AP(RMS)] = £0.04 [ AP(AMS)] , (5.25)

In coefficient form (neglecting the uncertainty in qm), Equatiors 5.24 and 5.25
vecome )

(¥, ]
.

“%
&

~~

eld CP(RMS)]' =0.04(4 CP(RMS)i

+ o€ [ACP(RMS)I' = +0.04 !ACP(RMS)] (5.27)

~

Power Spectral Density

Uncertainties in the power spectro are dominated by the statistical uncertainties since
these dato were reduced to descriptive terms by digital computation. It is felt that
technique errors and uncertainties are very small for the power spectra since calibra-
tions recorded on tape were used for the specification of the sensitivity for eaci.
microphone without any intermedicte conversion or interpretation of the data by
personnel . Certainly, the technique errors are negligibly small compared to the
statistical uncertainties. The normalized standard error for conventional digital
computotion of the power spectral density is given by

e [af)], = /N (5.28)

where m is the maximum number of correlation lag values of the computation and N is
the size of the digital sample. During the present computations, a rather complicated
digital filtering technique was employed whereby o series of power spectral density
points were calculated with each having 16 degrees ot freedom. The method of cal-
culating the power spectral density peints involved dividing the frequency range into
a series of frequency intervals such that the power spectro! density for each interval
was computed with 16 degrees of freedom. This technique is discussed further in
Section 4,4.2, The power spectral density for each 1/3 octave frequency was then
computcd by averaging the power spectral density for the numbar of discrete points (k)
vrithin the 1/3 octave band. The resulting number of degrees of freedom for ecch '
1/3 octave band thus becomes 16 k. To increase the statistical accuracy at the lower
frequencies, the 1/3 octave data were further averaged to give octave band results
for the octave band center frequencies of 31.5 Hz, 63 Hz and 125 Hz. The resulting
variation of the stotistical number of degrees of freedom, n, with frequency is pre-
sented in Figure 21. The normalized standard error for the power spectral density may
be determined directly from the number of degrees of freedom as follows:
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The resulting veriotion of el g(f ]s with frequency is presented also in Figure 21.

Summary of Errors and Uncertainties

The following is a summary of the errors and uncertainties associated with the test
results presented herein. The errors and uncertainties are presented in equation form
with the required terms referenced 1c figures presented in the report . here necessary.

Overall Level

Error

————

e [ACLRMS)] = {e[ A C(RMS)]Z + & [ AC,(RMS) ]} + e (acams)13}

2

3
Lt [ACP(RMS)I:}

= {e [ACRMS)]

where

20 kHz

2 ) 1 of) -e [off) I dF
e [ACP(RMS)]E+R = [AC,(RM3)]” - —-—f
V o oy

R(f)

2
e [ACP(RMS)I“; = 0.0016 [ A C(RMS)]
e [¢(f)] E is given in Figure 16, and

R(f} is given in Figure 19.

Uncertoingz
e [Acp(msn

e [AC‘p(RMS) ]t

+0.04 [AC (RMS)]

@
ey
%
o
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Powr r Spectral Density

Evror
e Tel®)] = e loI * < [oD]
= @ M“”L"R
- ot - e Tonl }
- - R()
Uncertainty

+ e [¢ff)] = ¢ elo(9]

where ¢ [¢(f)]s is giv== n Figure 21.
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6.1

6.2

6.2.1

DISCUSSION OF TEST RESULTS

Introduction

Because of the large number of data meosurements obtained during the test, it is
necessary to be selective in the presentation and discussior: of the test results. Noting
that the primary objective o the present report is to define the basic features of the
flow field induced by three~dimensionel protuberances, the meaturements obtained
along the longitudinal centerline of the model were selected as being primary dota.
These data represent the plane of symmetry of the flow around the protuberances and,
thus, show the basic features of the lew in both the upstream separated region and
the dewnstream wake region. The flow around the protuberances, which is charac-
terized by the transirion from separated to wake flow is discussed only briefly. A
comprehensive presentation of the data for the flow around the protuberances will be
made in a later report.

The test results are discussed under the following section titles:
® Clean Model Flow Characteristics
® Protuberance Induced Flow Characteristics
- Protuberance induced Static Piessure Field
- Protuberance lﬁduced Fluctuating Pressuie Field
e Analysis of‘fhe l;rofuberance Induced Flow Field

The clean model flow characteristics were determined from the test panel measurements
for-the protuberance in the fully retracted position. Results for the clean model indi-
cate the quality of the flow over the test panel and-the suitability of the mode! for the
investigation of protuberance flow fields. The static pressure field induced by the
protuberances is exhibited by surface pressure measurements taken over the test panel
and the wall of the protubsrance. Similarly, the fluctuating pressure field induced by
the protuberance is exhibited by surface microphone measurements. Finally, the static
and fluctuating pressure measurements are combined with the oil-flow visualization
results to determine the salient features of the protuberonce induced flow field.

Clean Model Flow Characteristics

Surfoce Pressure Distributions
Static pressure data as obtained from the distribution of orifices along the iongitudinal

and transverse centerlines of the test pariel are presented in terms of the pressure
coefficient, Cp, in Figure 22, The variations of Cp over the surface of the test panel
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6.2.2

are signifizantly greater then the uncertainty associated with the measuring instru-
mentation ond, also, these data show some consistent trends. Thus, it is concluded
that the variations are indicative of the aerodynomic characteristics of the model,
or the model/tunnel combination. The longitudinal ariations in Cp' Figure 22q,

exhibit the irregularities of the clean model flow field, and when compared with the
transverse variations, Figure 22b, it is cvident that the flow is less uniform in the
longitudinal direction than in the transverse direction. It-is interesting to noie the
agreement between the longitudinal and transverse pressure distributic s os indicuted
by the solid symbols on each figure. The agreement is within the accuracy of the
instrumentation employed. This furiher substantiates the conclusion that static pres-
sure variutions result from cerodynamic effects associated with either the model or the
model/tunnel combination. Since the variations arsear to be great=r at Mo: > 1.0

than at subsonic Mach numbers, it is felt that extrineous Mach waves in the tunnel
contribute significantly to the static pressure variations. Also, the boat tail of the
model splitter-plate appecrs to have affected the longitudinal centerline pressures at
My =1.20. In general, the static pressure variations about the free-stream press.re

ara voithin £0.1 of the free~stream dynamic pressure. Normally, variations should be
contained within the uncertainty limits of the instrumentetion. Thus, it is felt thot
the quality of the flow over the test article waos not as good os desired; however, the
flow is occepmbie for the study of protuberance flow fields since the clean model
variations in pressure are relatively small compored with the gressure vanahons
induced by the protuberances .

At this point it should be noted that the static pressure results for the protuberorce
induced environments were adjusted for the clean model results by subtracting the
static pressures for the protuberance-free case from the L utic pressure for the
perturbed case. This adjustment contributes to the uncertainty of the final results;
however, a significant |mprovemenf in the stotic presture distributions was obtained
for the perturbad flow. Thus, it is felt that this adjustment was justified.

- Boundary Layer Characteristics

Further information of the characteristics of the flow over the clean model may be
gained from an examination of the boundary layer characteristics. Boundary-layer
velocity profiles were determined from pitot pressure measurenients obtained with the
forward and aft rakes with the protuberance in the fully retracted position. The
velacity profiles, at the locations of the forward and aft rake, are present-. in
Figure 23. Since the rakes were positioned near the leading and trailing edges of the
test panel at approximately equidistance from the location of the protuberance, thz
boundary layer characteristics at the protuverance location may be taken as the mean
of the data for the forward and aft rakes. -

It is evideni from the test results that an extremely thick boundary layer existed over
the region of the test panel for M, = 0.60 and 0.80.- A similar environment was

observed in the smc!l scale tests reported in Reference 13, This environment is
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attributed to a partially blocked secondaiy flow under the splitter plate which induces
locai separation at the leading edge of the model. The separation and subsequent
reattachment ¢ the flow ot the leading edge resulis in a thickened boundary layer
over the test panel. Also, it will be noted thot the velccity ratios do not approach
1.0 at the edge of the boundary layer at every Mach number. This anomaly resulted
from the deviation of the local velocity from fiee-stream conditions as indicated by
the variations in static (ressure presented in the preceding section.

The variations of the houndary leyer displacement thickness, &*, with free-stream
Mach number are presented in Figure 24. The displacement thicknesses Jor the rake
data were determined from nuinerical integrations of the velocity profiles. For free-
stream Mach numbers of 0.90 and above, the displacement thickness veried irregularly
with Mach number about an approximately constant ralue. For Mg, = 0.60 and 0.80,
the thick boundary layer resulting from leading edge separation is ciearly evident in
the large values of 6*. The dispiacement thicknesses shown for Mo, = 0.60 and 0.80

were obtained by numerical integrations to the point where U, is approximataly 0.95
U thus, it is anticipated thot 8* may be slightly greater than the values shown.

The experimental results are compared with an empirical prediction using Bies' formula
(see Reference 22). The empirical prediction represents the estimated displucement
thickness at the location of the protuberance which would correspond to th~ mean
between tho forward and aft rake results, The empirical results agree closely with the
results presented for the forward rake, indicating that the boundary layer at the pro-
tuberance location was somewhat thicker than predicted. Surface excrescences in the
boundary layer upstream of the test panel apparently caused a slight artificial thickening
of the boundary layer.

The variations of boundary layer momeritum thickness, 8, with free-stream Mach
number are shown in Figure 25. For the Mach number range of the present test,

‘momentum thickness is essentially invariant with Mach number except for the anomaly

due to the separation induced thickening of the boundary layer at My = 0.60 and

0.80. Again, agreement is shown between the experimental measurements for the
forward rake and the empirical results.

The effects of free~straam unit Reynolds number on the boundary layer characteristics
in the vicinity of the test panel (Figures 24 and 25) were negligibly small. This is as
anticipated since, for o turbulent boundary layer on a flat plate, the boundary layer
thickness is inversely proportional to the Reynolds number to the one-fifth power.

A summary of important boundary layer and free-stream flow conditions which are
characteristic of the undisturbed flow over the model in the vicinity of the protu-
berance for a unit Reynolds number of 3 x 10¢ are presented in the following
table . -
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6.3

UNDISTURBED FLOW PARAMETERS OVER THE TEST PANEL
Re/ft = 3 x 10¢/ft

M Voo 9% ) &* e
@ ft/sec psf in. in. in.
0.60 676 388 | =8 ~0.80 ~0.50
0.80 880 479 | =8 ~0.80 | =0.50
1.60 1067 559 2.5 0.36 0.2]
1.20 1264 611 2.5 0.37 0.19
1.40 1391 644 2.5 0.36 0.19

60 1524 662 2.5 0.31 0.20

Protuberance Induced Flow Characteristicr

Before discussing tne static and fluctuating pressure measurements, some general
comments in regara to the protuberance flow field should be made. A photograpt

of a typical oil flow pattern around the protuberance is presented in Figure 24. Any
protuberance which extends into or through an attached boundary layer will (1) tend
to induce separated flow upstream of the protuberance and (2) generate o wake down-
stream of the protuberance. For a three-dimensional protuberance the upstream

separated flow will have a curved separation line or front as clearly shown in Figure 26.

The wake will be characterized by a short converging region which is terminared by «
narrow neck followed by a diverging region. The converging region will be denoted
as the near wake and the diverging resion as the far wake with the neck region
separating the two. The neck and far wake are clecrly shown in Figure 26; however,
the near wake is partially obscured by the protuberance duz to the slight downstream
angle of the camera view. There are severc| other interesting features of the flow
field shown in Figure 26; however, these will be discussed in detail in later se-tions.
At this point, it suffices 1~ recognize only the presence of the upstraam separated flow
and the downstream wake regions, and that the .egion of perturbed flow may extend
for several diameters around the protuberance.

The length of the upstream sepcrated flow region ot the longitudinal centerline was
evaluated from oil=flow studies of the “-inch diameter protuberance for the Mach
number range from 0.60 to 1.40 and h// D range from 0 to 2.0. ne separation point
Is identified in Figure 26. The resulting vaciations of normalized separation length,
ls/ B, with h/D for the various Mach numbers of the test are presented ir Figure 27.

The curve presented for My, = 1.60 was determined by extrapolation of the lower Mach
number data to M, = 1.60. An increase in either protuberance height or Mach number

resulted in an increasc in separation length. The trend in the data indicates that the
separation length will approach asymptotic values for large protuberance heights.
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6.3.1

In the wake, it is obvious that the flow will be perturbed fcr mony diameters down-
stream of the protuberance. The aoft rake, which was present throughou: the test,
revealed noticeable distortion in the velocity profiles due to the wake for the various
profuberances. For the 2-inch diameter protubercnce, the roke was focated at 18.28
diameters aft of the protuberance and the effect of the wake was barely aetectikle.
Thus, it is felt that the test panel surface measurements for the three protuberance
configurations adequately cover t.e region of perturbed flew as discussed in following
sections. Generally, the neck region which separates the near- and far-v ike regions
appeared to occur at approximately one diameter aft of the protuberance (r/ D %= 1.5)
for M >1.20. For lower Mach numbers, the wake was ill defined by the oil flow

pictures; however, the fluctuating pressure measurcments indicate that the neck region
moved aft with decreasing Mach aumber.

Protuberance Induced Static Pressure Field

The static pressure field induced by the protuberances is represented by the distribution
of the pressure coefficients along the test pane: centerline, forward ana aft of the n-o-
tuberance, Figures 28-30. Test results are oresanted, separataly, for the 2-, 4-, and
8~in- r. ..iameter protuberances for various .ieights ranging up to two diameters. The
2-inch dizmeter protuberance results, Figure 28, show the extent of the perturbed flow
field uostream and downstream of the protuberance; however, little detail of the pres-
sure field is given for the region in close proximity to the protuberances. The 4~inch
diameter protuberance results, Figure 29, give a cursory definition of the perturbed
flow field for *he region in close proximity to the protuberance as well as the outer
extremities of the protuberciice environmenr. Finally, the 8~inch diameter protuber-
ance results, Figure 30, show, in detail, the perturbed flow field for the region in
close proximity to the protuberance.

An examinafion of the results presznted in Figures 28-30 reveals several distinct
characteristics of the pressure field which are typical of cylindr!..al protuberances.
The static  essure field associated with the upstream separated fiow is characterized
by positive pressure coefficients; whereas, the static pressure field associated with
the wake is characterized by 1) negative pressure coefficients in the near wake und
neck regions, znd 2) approximotely zero pressure coefficients in the far wake. Clearly,
the regions most affected by the protuberance lie in close pronimity to the protuber-
ance. It is important to note that the region of perturbed flow upstream of the
protuberance is not bounded by the region of separated flow, but may extend beyond
this point. A comparison of the separation points (Figure 27) with the static pressure
distributions will show this characteristic. At subsonic and slightly supersonic Mach
numbers, the perturbed flow field extends significantly beyond the separation point;
whereas, at M, > 1.20, the shock strength is sufficiently large to cause separation

near the foot of the shock wave. For the latter Mach number range, the region of
upstream perturbed flow (which is bounded by the shock wave) and the region of
separated flow occur over approximately the same area with the separated flow region
being contained slightly within the perturbed flow region, Consistent with this finding
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are the trends in the pressure gradic s ossccioted with the upsiream perturbed flow .
At subsonic Mach numbers, o gradu ¢l increase in static pressure in th - flow cirection
is observed. The &ffect of the positive pressure gradient is to retard the b~ ndary
layar flow near the wall - eventually causing separation. The critical pressure at
separation is discussed below. Af supersonic Mach numbers, o rapid increase in static
pressure is observed across the shock wave; thus inducing separation immedictely af!
of the meon location of the shock wave. The variations of the static pressure ratio at
separation with Mach number are presented in Figure 31. The results for the different
size protuberances were obtained based on the separation lengths cs defined from oil
flow patterns for the 4-inch diameter protuberance. 1t sheuld be noted that separation
length probably varies with protuberance diameter rather than separation pressure such
that all three configurations would have the same separation pressure ratio as given by
the 4-inch diameter protuberance data.

Dov:nstream of the separation point, a region of relatively constant, plateau, pressure
occurs. The plateau pressure region is particularly noticable for My, > 1.20. For

two-dimensional separation, the plateau pressure extends to near the step face; how~
ever, for the three-dimensional case, the ploteau region is terminated significantly
upstream of the protuberance. For the iatter case, the plateou region is terminaied
by o sudden reduction in static pressure which is followed by a sharp increase in
pressure near the protuberance. The low pressure region imbedded within the
separated flow field is unique to the three~dimensiona! protuberance case and pro-
vides much insight into the understanding of the siructure of the three-dimensional
separated flow field. The separated flow field is discussed at length in Section 6.4.

The wake region exhikits noticable variations in static pressure for approximately

four diameters aft of the protuberance. It is interesting to note that distortion in the
velocity profiles were obsered for approximate,y 18 diameters aft of the protuberances
as previously mentioned; however, the retarded flow in the wake apparently has little
effect on the surface static pressures in the far wake region. Little insight into the
structure of the wake can be gained from the static pressure measurements and it is

felt that the oil-flow photographs and fluctuating pressure measurements are more
defiritive of the wake structure.

A cursory examination of the effects of Reynolds number and protuberance size on the
perturbed flow field woas made utilizing the static pressure measurements. The effects
of Reynolds number were evaluated using the 8-inch diameter protuberance results
for unit Reynolds number conditions of 1.5, 3.0 and 4.5 millinn per foot. Corre-
sponding Reynolds numbers, based on protuberance diameter, are 1.0, 2.0, and 3.0
million. Representative axial distributions of static pressure coefficient are pre-
sented for h/ D = 2.0 and Moch numbers from 0.60 to 1.60 in Figure 32. The effect
of Reynolds number variations appear to be small, although there are some noticable
deviations in the data. In general, variations in Reynolds number primarily offected
the static pressure distributions in the v.ake region at subsonic Mach numbers (c!though
a consistent trend was not evident); whereas, at M, > 1.20, the effects appeared to
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be more predominant upstream of the protuberance. Increasing the Reynolds number
at supersonic Mach numbers appeared to cause a slight enlargement of the upstream
separated flow region. The effects of protuberance size variations were determined
by comparing axial distributicns of static pressure coefficient for the 2- and 4-inch
diometer protuberances with Reynolds number, based on grotuberance diameter, heid
constant at 0.5 million (Figure 33). Further, a similar comparison was made between
the 4- end 8-inch diameter protuberances for a Reynolds number, based on protu-
berance diameter, of 1.0 million (Figure 34). These dria rer-asent the h/D ~ 2.0
condition for Mach numbers ranging from 0.6G to 1.60. Smair variations in static
pressue coefficient were observed in both the upstream and wake regions due to pro-
tuberance size variations with the most significant effects occurring in the wake
region at subsonic Mach numbers and in the upstream separated flow region af super-
sonic Mach numbers. Themcst noticedble effect of increasing the protuberance size
was to cause a slight enlargement of the normalized upstream separated fiow region
at supersonic Mach numbers (particulurly for Rep = 0.5 x 10¢).

The pressure distributions over the wall of the 8-inch diameter protuberancn are
exhibited by variations of Cp with vertical location, yp/D for variaus po..r angles

around the protuberance. Test results are’ oresented for a range of protuberance
heights and Mach numbers in Figures 35-40. A high density of stotic pressure orilices
were preseni along the vertical rays and thus provided good definition of the pressure
variations associated with the various flow fields to which the protuberance was
exposed. Flow fields impinging on the upstream half of the protuberance (8" < 90
degrees) which appear to be evident in the staf.c pressure meosurements are: 1) the
-eporated shea- layer (base region) near the base of the profuberance, 2) the two-
dimensional crcss flow (central region) near the middle of the protuberance, and

3) the end effect (tip region) near the top of the protuberance. The vertical extent

of these regions naturally vary with h/D. Forh/D > 1.5, all three regions are
clearly defined in the vertical pressure distributions. The tip region is characterized
by a combination of flow cround the protuberance ord over the top of the protuberance.
The resulting three-dimensional relief afforded to the flow causes a reduction in pres-
sure in comparison to the pressures for two-dimensional flow as encountered by an
infinite cylinder in cross flow. At supersonic Mach numbers, the bow shock generated
by the cylinder is curved in the vicinity of the tip region as discussed in References 17
and 18. The tip region extends downward from the top of the protuberance for approxi-
mately 0.4 diameters for h/D 2 1.5. The central region is characterized by nearly
parailel or two-dimensional flow around the protuberance. In the central region, the
wall pressure is approximately constant along vertical rays ond the flow exhibits
characteritistics similar to that of an infinite cylinder in cross flow. The central
region is located between the tip region and the bese region and its ve rtical extent
varies noticeably with h/D. The base region is chaiacterized by the inieroction of the
separated flow, which is induced upstream of the protu.erance, with the protuberance.
The presence of reverse flow in the separated flow region is e ‘idenced by the low pres-
s'ires measured just above the base of the protuberance. For M, > 1.0, the growth of
the separated flow region is ¢xhibitez by the upword movement of the pressure defect
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ir. the vertical prescure distributions. For My, < 1.0, the pressure defect associated

with the base flow is poorly defined due tc the small extent of the separated flow
region. Further, the region of canstant prassure normally associated with the central
region 1s not exhibited in the results for My, < 1.0 due to the extremely thick inflowing

boundary layer for M, =0.60 and 0.80. The boundary layer velocity profile shape in
the region of yp/D < 1.0 results i.. a loss of total pressure and, thus, a decrease in the

surface pressures measured over the front half cf the cylinder.

Over the aft half of the cylinder (8% > 90 degrees) small variations in pressure over
the wall of the cylinder were observed fo- M, >0 60 This is explained by the
separaticn of the -ylinder boundary layer near the 6" = = 90-degree ray. This charac-
teristic is clearly eviden® in the test results for M >1.0. For a Mach number of

9.60, large variations in the protuberance wall pressures were observed over the wall
of the cylinder ot the 8% = 90-degree ray. Apparently the flow exhibits irregular
separation al-ng the 70-degree ray due to the variation in the flow upstream of the
protuberance in the vertical direction.

6.3.2 Protuberance Induced Fluctuating Pressurs Field

Overall Levels

Of particular interest during the present study was the fluctuating pressure field
induced by the cylindrical protuberances. The overall fluctuating pressure levels
associated with the oerturbed flow field are presented as variations of the RMS
coefficient of fluctuating pressure along the test panel longitudinal centerline in
Figures 41-43. Test results are presente., separately, for the 2-, 4-, and 8-inch
diameter protuberances for ranges cf protuberanc= height and Mach number which are
consistent with the presentation of static pressure results discussed in the preceding
section. Here again, the results for the 2-, 4-, and 8-in<h diameter protuberances
represent varying degrees of definition of the perturbed flow field ranging from a
general overview as exhibited by it 2 2-inch diameter protuberance results to a
detailed, near field, study as exhibited by the 8-inch diameter protuberance results.

Certain characteristics cf the fluctuating pressure field are immediately obvious “rom
an examination of these results. The fluctuating pressure field induced by the protu-

- berances corresponds closely with the region of perturbed flow as exhibited by the
static pressure results. Two distinct regions of perturbed flow are exhibited by the
fluctuating pressure results - one corresponding to the upstreom separated flow region
and the other corresponding to the downstream wake region. It is evidei.t from the
fluctuating pressure measurements that significant fluctuating pressures occurred in
both the upstream ard downstream environments. In general, the most severe fluctuat-
ing pressures were encountered in the wake region for Mo, < 1.0 and large h/ D;
whereas, for other test conditions, the separated flow upstream of the protuberar :e
caused the most severe fluctuating pressures. It is convenient to discuss the separated
and wake flow regions separately .
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In *h~ separated fl-w region, the fluctuating pressuie field is chaorocterized by a
gradual increase in overall level os the field is observed in the direction of the
free-strc=m. Near the mid-point in the separated flow region, the fluctuating
pressure reaches a maximum value which rar qed from {2 to 17 percent of the free-
stream dynamic pressure. The peak is followed, in geneial, by o decreos: in
fluctuating pressure level. This decrease ~opears to become less drastic rith
Increasing Mach number such that, at M_ = 1.6", a peak plateau level of fluctuating

pressure occurs naar the protuberance. For M =1.40 and 1.0, o small peak in

fluctuating pressure occurs upstream of the separation point and corresponds to the

mean location of the shock wave. Levels of fluctuating pressure for the shock wave

are approximately the same as observed for two-dimensional protiberances (forward
facing steps); however, the levels withir. the seporated flow regicn are considerably
greater than for the two-dimensional case. immediately, it becomes obvious that

the unsteady mechanisms within the three-dimensional sepcrated region are significantly
different than the two-dimensional case and, further, the three-dimensicrol {low
generates more severe fluctuating pressures.

Increasing either pratuberance height or free-stream Mach number results in increasing
the area of the unsteady perturbed flow field upstream of the protuberance. Fo. the

_runge of test variables of the present study, increasing the protuberance height did not

alter the peak level of the fluctuating pressures in the upstream separated flow region
with any consistent trend and, in general, there appears to be only a slight increase
in the peak level of the fluctuating pressure with increasing Mach numcer. However,

- the most significant and important trend is the increase in area which is subjected to

the high levels of fluctuating pressure within the separated flow region for increasing
protuberance height and free~stream Mach number.

The fluctuating pressure field associated with the wake of the protuberance extended
over a relatively large axial distance for all protuberance heights and Mach numbers
as is shown in Figures 41-43. Very large fluctuating pressures were encountered at
subsonic Mach numbers, cnd in certain cases, the levels exceeded those encountered
upstream of the protuberance. Of particular interest are the results for M =6.80

and h/D=1.5and 2.0, Figure 43b. For these conditions, the peak levels in the
wake ranged from 18 to 22 percent of the free-stream dynomic pressure. For the unit
Reynolds number of 3 x 108, the corresponding overall sound pressure level ranges
from 166 to 168 dB. These values were the largest encountered in the perturbed flow
fielu along the longitudinal centerline of the test panel for the range of test variables
investigated. As previously mentioned, it was difficult to distinguish the neck region
of the wake at My, <1.20; however, there are indications that the neck occurs further

downstream than the location of the peak levels of fluctuating pressure for M, = 0.80.

(Some evidence of this is given hy the cross-spectra results as discussed in later para-
graphs.) For certain conditions (for example, Mg = 1.00, h/D =2.0) the peak levels

in the fluctuating pressures associated with the wake occurred 3 or 4 diameters aft of
the protuberance. It is difficult to define consistent trends in the wake results, and

46



perhops this confusion is a result of the complex fiow structure thot exisis in the wacke
and the way in which it changes with variations in both Mach number and protuberance
height. Additionai discussion on this point is presented in the section cn the power
spectra.

The general trend in the exial distributions of the fluctuating pressures in the weke
consisis of a moderate increase to peak leveis foliowed by a gradual decieoss to the
unperturbed flow level as the flow field is examined in the direction of the free~
stream. Both the locatior and the width of the peak varies with free-stream Mach
number and protuberance height. Further, for MCDZ 1.0, there appeored to be a

general reduction in the overall fluctuating pressures in the wake with increasing
Mach numbers. Also a gradual aft movement and decrease in level of the peak
fluctuating pressures occurred with increasing protuberance height.

A comparison of the axial distributions of overall fluctuating pressure level for the
2-, 4-, and 8-inch diameter protuberances is shown in Figure 44. All of the pro-
tuberances exhibited similar trends in the axial distributions; however, some devia-
tions in the levels were noted. These deviations are relatively small and may result
from either Reynolds number (based on protuberance diameter) or protuberance size
effects.

The fluctuating pressure field over the surface of the protuberonce is exhibited by
measurements token over the wall of the 3-inch diameter protuberance, Figures 45-
50. These dota are presented as veriations of RMS fluctuating pressure coefficient
along circumferential rays with 8~ = 0 degree :orresponding to the upsiream center-
line and 8~ = 180 degrees corresponding to the downstream centerline. It wiil be
noted that a range of circumferential rays are presented for various heights above
the test panel surface. For h/D = 1.0, the surface measurements were contained
within the perturbed flow field of the test panel (base region); whereas, for h/D =
2.0, the surface measurements were above the perturbed flow field of the test panel
and should closely approximate the characteristics of an infinite cylinder in cross
flow (central region). In general, flow around the ¢ylinder is characterized by
at*ached flow over approximately the forward half of the cylinder and separated flow
over the oft half. The separation of the flow from the wall of the cylinder occurred
near the 90-degree polar location. For M, =0.60, h/D =2.0, extremely large

fluctuating pressures (in excess of 170 dB) resulted ‘rom the unsteadiness of the sepcra-
tion line (see Figure 45a). These data were rechecked following the initiai discovery
of the large levels to verify their accuracy. Further, it should be noted that these
results are consistent with the location of the separation line as observed in the static
pressure results. Some evidence of flow separation near 67 = 90 degrees is given by

the peak in the circumferential distributions at this location for all M, < 1.00;

whereas, for M, > 1.00, it is felt that separation occurs slightly downstream of the

90-degree location. Due to the present model design, a continuous survey of the
polar distribution could not be made. For h/D =2.0, little variation with vertical
location was observed in the fluctuating pressure levels except for the My, = 0.60
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condition. Further, the wake region (8 > 90 degrees) appeared to exhibit larger
fluctuating pressure levels than did the upstream region ot subsonic Mach rnibers.

For h 'D =1.0, the effect of the perturbed flow field around the base of the protu-
berance is evidenced by the large fluctuating pressures in this region. For My, > 1.20,
the fluctuating pressure levels over the front half of the cylinder appeared to decrease
with an increase in polar angle. It is interesting to note the drastic reduction in
fluctuating pressures for the rear half of the protuberance at M, > 1.20. Thzse data

appear to be consistent with an overali change in the wake siruciuie at supersonic
Mach numbers as observed in the oil flow studies and static and fluctuating pressure
measurements taken over the test panel. Further, the test panel data for microphones
near the protuberance appear to agree reasonably well with the protuberance data at
0~ = 0 degree and 180 Jegrees as shown in Figures 45-50.

Power Sgectro

Power spectra represent the distribuiion of the mean square erergy of the fluctuating
pressure with frequency. In genera!, power spectra of most flucivating pressure
environments are found to scale on a Strouhal number basis; that is, the frequency

is non-dimensionalized by multiplying a typical length and dividing by a typical
velocity. The advantages of using normalized spectra are obvious since it enables
similar, homogeneous, fiow fields to be represented by a single spectrum regardless
of the scale of the flow field or the free-stream velocity. Numerous studies have
been made to determine the proper parameters to be used to non-dimensionalize the
spectra for various aerc~acoustic environments. Unfortunaotely, the choice of
parameters which best collapses the data appear to be dependent on the nature of
the fluctuating pressure environment. In general, free-stream velocity is used as
the normalizing velocity parameter, although a typical eddy convection velocity
(itsel? o function of frequency) has been used occasionally. The local convection
velocity app:zars to correspond more closely with th. 2 physical siti'~tion for fluctuating
pressures due to turbulent eddies. For simplicity, free-stream v :locity has beea
adopted for the power spectra presented harein since the three-dimensional protuber-
ance flow field is ¢ non-homogeneous envircnment with widely varying convection
velocity characteristics.

Selection of a typical length is more difficult. For both undisturbed boundary layer
flow and two-dimensional separated flow, typical dimensions of the undisturbed
boundary layer such as boundary layer thickness, displacement thickness, and
momentum thickness, have all been used by various authors. For transonic flow, the
typical boundary layer lengths vary only slightly, but no final conclusion can be

drawn on the relative merits of the collapse for any particular length. The most
generally used typical length is the boundary layer displacement length, §*, and

this parameter is used herein. An important typical length parameter for the pro-
tuberance flow field is the protuberance diameter, particularly for the region of the
wake. It is evident from the test results presented herein that the scale of the perturbed
flow field varies in proportion to the protuberance diameter. T..wus it must be concluded
that the power spectra of the fluctuating pressures would depend to some degree on the
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size of the protub.rance. However, since test resnits are presented for the 8-inch
diameter protuberance only, the use of protuberance diameter as a typical length
parameter will be witrheld until the power spectra for the other size protuberances
are reduced. These data will be forthcoming in a later report.

Power spectra representing the frequency characterictics of the protuberance induced
fluctuating pressures are presented for beth upstreom and downstream flow fieids in
Figures 51-62. It will be noted that test results are presented for the Mach numize,
range from 0.60 to 1.60 and protuberance heights of 1.0« d 2.0 diameters. Ti:se
data were cbtained for the 8-inch diameter protuberance configuration and, thus, pro-
vide a detailed study of the protuberance induced flow field for the raegion in close
proximity to the protuberarce. It is impraciical to discuss all of the frequency charac-
teristics of the flow as exhibited by the power spectra; however, some general features
should be pointed out. The data for the upstream and downstream flow fields will be
discussed separately .

For the upstream flow field, test results are presented only for the microphone locations
wh.ch appeared to have been within the perturbed region (Figures 51-56). All of the
spectra appear to exhibit the same generol characteristics when presented in terms of
normalized power spectral density. For the present discussion, it suffices to note that
a high concentration of energy was present at low frequencies with a roll-off at the
hich frequencies. For the region of the most intense fluctuating pressures upstream

¢ the protuberance at M, < 1.0, the roll-off appeared to be approximately two

orders of magnifude par decade. Tais is equivalent to 20 dB per decade or 6 dB per
octave band. For M, < 1.0, there appears to be relatively little variation in the

shape of the spectra within the separated f'ow region, although there is some change
from the perturbed flow region upstream of separation to the region within the
separated flow field. For the pertuioed flow field upstream of the separation point,
the spectra appear to roll-off less rapidly at the high frequencies. For M > 1.0,

the separated flow field is sufficiently iarge in comparison with the microphone spacing
to enable a trend in spatial variation of the power spectra to be established. Of par-
ticular interest is the plateau in the power specira in the vicinity of r/D =-1.00 to
~1.25forh/D=1.0, Mg =1.40 and 1.60 ond in the vicinity of t/D =-1,125to
-1.500 for h/D =2.0, My, = 1.40 and 1.60. This region corresponds to the inner

separated flow field in the vicinity of the peak levels of fluctuating pressure (see
Section 6.4). The plateau indicates un increase in fluctuating pressure energy at
the mid and high frequencies when compared to the spectra for other regions of the
separated flow field.

Another important characteristic of the perturbed flow field s exhibited by the power
spectra associated with the shock wave at M, =1.40 and 1.60, h/D =1.0. At the

mean location of the shock wave (1/D = -1.25), the flow is disturbed as a result of
the shock wave impinging on, and interacting with the attached boundary layer. The
power spectra for these data (Figures 55a and 560) exhibited a sharp reduction in

49



energy with increasing frequency starting ot relatively low frequencies. The
transition in spectra shape is evident also as the fluctuating pressure field is

examined moving aft of the shock wave. ihe treasition is characterized by o
reduction in low frequency energy and an increase in high frequency energy .

Clearly, the power spectra show a large spatial variation in the fluctuating pressure
characteristics as was cbserved in the overall fluctuating pressure levels. Te upstream
perturbed flow field is obviously non-homogeneous in space in both overali level and
frequency characteristics. Hewever, it is interesting to note rhat variations in protu-
berance heighi and free-stream Mach number did not appear ‘o have any gross effect
on the general shape of the power spectra for a given region in the perturbed flow
field. Although a direct comparison is not presented, a cursory examination of the
data suggests that spectra for the sume values of r/2 would agree at least in trend

for the various h/ D and Mg, conditions. This characteristic will be evaluated in

detail in a subsequent report and,if correct, it will be a strong argument for the
similarity of the upstream separaied flow fields for various Mach numbers and
protuberance heights.

The power spectra for the wake, Figures 57-62 exhibit the characteristics of a non-
homogeneous flow field which is gradualiy changing in space. It is difficult to
de*ermine precise trends in the data with variations in either Mach number, protu-
berance height, or axial location. The general trend is that the spectra appear to
roll-o.f less rapidly at the higher Mach numbers. Also, the spectra for supersonic
Mach numbers have appreciably less low frequency energy than the subsonic data.
One interesting feature of the wake spectra is the peak which occurs at certain
conditions. For example, the spectra for h/D =1.0, My = 1.20 (Figure 60a) show

a peak at f §*/U_ =0.013 for all axial locations. The correszonding Strouhal
®

number, based on protuberance diameter, is 0.28. The peak generally occurs at the
same Strouhal number for other conditions; however, the peak does not occur at all
conditions. Further, the value of 0.28 is larger than the Strouhal number for vortex
shedding from an infinite cylinder in cross flow which has a value of 0.21 for the
Reynolds number range of the present test. However, it is proballe that the peaks
observed in the present spectra are due to voitex shedding froin the cylinder ot a
Strouhal frequency of 0.28.

Cross-.Seectra

Considerable insight into the unsteady mechanisms at work in a fluctuating pressure
field can be gained by studying the relationship between data observed at two dif-
ferent points in the field. For a number of years, investigators involved in turbulence
and unsteady-fluid dynamic resaarch have utilized cross-correlation techniques to
describe, on the average, the mutual statistical dependence of the signals at two
different points. From such studies, the correlation patterns, convection velocities,
and other features of the flow have been evaluated. One useful technique which
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has beeri adopted in recent years is the cross-spectral density function. The cross-
spectral density function and the better known cross-correlation function cre Fourier
transform pairs. The primary advantage of using the cross-spectrol density function

is that the correlation can be expressed directly cs a function of frequency. The
mathematics involved in deriving the cross-spectral density function by taking the
Fourier transform of the cross-correlation function is well documented and will not

be repeated here. It suffices to state that the resulting cross-spectral density function
is @ cemplex quantity composed of real and imaginary parts. The real component,
denoted as the co-spectral density, is derived by solving the complex function for a
time displacement of 1 =0. Thus, the co-tpectral density represents a dsscription of
the in-phase components of the fluctuating pressure fie!d and is equivalent to the
narrow~band spatiai correfation function. The imaginary component, denoted as the
quad-spectral density, is derived by solving the complex function for a time displace~
ment of T = 1/4f and represents a description of the out-of-phase components of the
fluctuating pressure field.

The microphone measurements for locations along the test panel iongitudinal center-
line were analyzed for cross~spectral density characteristics. The method of analysis
consisted of digitizing successive pairs of microphones in both the upstream and wake
regions. For the present analysis, no attempt was made to perform cross-spectral
density analyses for varying separation distance between microphones except for those
where the separation between neighboring microphones as installed in the test panel
varied. Since the majority of the microphones along the longitudinal centerline were
separated by one inch, most of the analyses were performed for the one-inch separa-
tion distance. The miciophones for the most upstream pair were separated by two
inches, and the microphones for the two most downstream pairs were separated by

two inches and four inches. Thus, these microphone pairs are the only ones for which
cross-spectral densities were computed with separation distances greater than one
inch., The purpose of this approach was to obtain maximum correlation between the
fluctuating pressure measurements. Further, the overall fluctuating pressure measure-
ments indicated that the protuberance flow field wos significantly non-homogeneous
in space, particularly for the pstream separated flow region, and it was felt tha' the
correlation lengths would be relotively short.

Cross-spectral density results lor the 8-inch diameter protuberance are presented as
normalized co- and quad-spectia in Figures 63-68. Thcse results represent areas of
maximum correlatior. between neighboring microphones !ocated in the upstream
separated flow and downstream wake regions for free-stream Mach numbers of 1.2,
1.4 and 1.6 and protuberance heights of 1.0 and 2.0 diameters. It will be noted
that the region of maximum ccherence of the fluctuating pressures for the protu-
berance induced separated flow region (Figures 63-65) occurred between the point of
separation and the point of maximum fluctuating pressure. Further, the trend in the
quad=-spectrol density and the negative values of the normalized frequency parameter
show the presence of negative convection velocities, thus indicoting that the dis-
turbances are convected counter to the direction of the free stream. In the wake,
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maximum coherence was observed in the neck and far wake regicns. Results presented
in Figures 66-68 represent the neck region since, here, the separation between micio-
phones was a minimum of one inch. In the fcr wake, microphones which were raired
for the analysis were separated by 2 and 4 inches and some loss of coherence was
observed ot the lower frequencies as discussed later. In general, the wake was
characterized by positive convection velocities as exhibited by positive values of the
normalized frequency parameter and the trend in the quad-spectral density.

A comparison of the various cross~spectra results show= a definite dependency on both
free-stream Mach number and protuberance height-to-diametcr ratio. In general, the
larger values of M and h/ D exhibited the greater coherence of the fluctuating

pressure environment,

It will be noted that results are not presented for Mo, < 1.0. For this Mach number

range, the upstream separated flow region was confined to a region in close proximity
to the protuberance, and the 1-inch separation of the microphones appeared to be

small relative to the structure of the fluctuating pressure mechanisms. This will become
clear from the discussion of the model of the separated flow field which is presented in
Section 6.4. In the wake region, the near wake appeared to extend further down~
stream for M, < 1.0, than for M, > 1.0. As a result, the region of maximum
coherence was near or downstream of the most aft microphones and the cross-spectra
were poorly defined. Thus, the 4~in. diameter prctuberance results will be used to
analyze the wake environments for M, < 1.0; however, these data are not available
for the present report.

Narrow-Band Convection Velocity

Before discussing the narrow-band convection velocity results, distinction is made
setween a fluctuating pressure field which is composed of vorticity (or turbulence)
mode disturbances and that which is composed of acoustic (or sound) mode disturb~
ances. Vorticity mode disturbances result from a turbulent flow structure which is
convected at some fraction of the local mean flow velocity. Further, the convection
velocity is in the same direction os the mean velocity of the tucbulent environment.

On the other hand, acoustic mode disturbances consist of sound waves which gate
in the fluid medium. The propagation velocity relative to the fluid is at the loca
speed of sound with a direction independent of the local velocity. Propagation in the
direction of the mean flow will have a propagation velo:ity of the speed of sound plus
the meun speed; whereas, propagation counter to the flow direction will have a propa-
gation velocity equal to the difference between the local speed of sound and the local
velocity. Obviously, acoustic mode disturbances cannot propagate upstream in a
supersonic fiow.

For the present computation of the narrow=-band convection velocities, use was made

of the narrow band phase angle, a(£,f), as shown in Equation 4.27. Thus, the
resulting velocities are in actuality the narr v band phase velocities which are the
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same as the true convection velocities only if the turbulence structure is frozen in the
moving fiame of reference. The idea of a velocity of convection of turbuient fluctua-
tions stems originally from Taylor's work on grid turbulence (Reference 36). Taylor
peinted out that, if the turbulence level was low, the time variation in the velocity u
observed at a fixed point in the flow would be approximately the same as those due to
the convectior of an unch~..ging, frozen, spatial pattern past a fixed point with the
mear flow velocity U, i.e., that u(x,t) = u(x = Ut, 3) where x and t represent
distance meosured downstream in the mean tiow direction and time, respectively.

This is krnown es Taylor's hypothesis. Lin (Reference 37) has shown that this hypothesis
is valid only if the turbulence level is low, viscous forces are negligible, and the
mean shear is small. It is unreasonable to expect the hypothesis to apply to the high
infeasity perturbed flow field induced by the protuberance. For the present compu-
tation, measurements fo.r a constant separation, &, was used and the results represent
the broad burd in wave rumbe:. A discussion on convection velocities using wave
number spectra is given in Rcference 38. Due to the non-homogeneous nature ot the
flow field, computations of convection velocity for varying & did not seem practical,
particularly for the upstream separated fiow field.

The variations of the normalized narrow band convection velocity, Uc(f)/ Uyyr With

normalized frequency, f§/U re presented in Figures 69-74. These data corre-

o’ @
spond to the locations in the perturbed flow field and the test conditions for which
cross-spectra results are presented. Also presented in Figures 69-74 are the esti~
mated moximum local velocitie ; which were computed based on free~stream speed

of sound, free~stream total pressure and loral static pressure. Pito! pressure measure~
ments were not taken in the perturbed flow field near the protuberance, and conse~
quently, the values of local convection velocity are only crude estimates of the
maximum values. These estimates are conservative in that the local total pressure
was probably significantly less than ‘ne free-stream total pressure and thus would give
a lower local velocity.

Fer the upstream separated flow region (Figures 69-71) the narrow band convection
velocities were negative indicating that the disturbances were generally convected
(or propagated) counter to the direction of the fiee~stream. At low values of the
frequency parameter (low frequencies since & was held constant for the present
analysis), the convection velocity was a small fraction of the free-stream velocity.
However, the convection velocity approaches the free-stream value at high fre-
quencies, and in certain cases, exceeded the free-stream velocity. In every case,
the esti ated local velocity was exceeded at the high frequencies. This suggests
that appreciable non-frozen turbulence and/or acoustic mode disturbances were
present in the perturbed flow field upstream of the protuberances at the high fre~
quencies. The broad-band convection velocity, indicated by the broken line in
sach figure, was eitiier less than or approximately equal to the estimated maximum
local velocity. It will be noted rhat the broad band convection velocities are
heavily weighted to the high frequencies. This characteristic results from the broader
bandwidths associated with the high frequency dato points (see Equation 4.23). It
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6.4

should be noted that the convection velocity data do not reflect the power spectra!
density of the fluctuating pressure energy. Thus, a comparison of the power spectra
with the norrow band convection velocities wil! reveal that most of the fluctuating
pressure energy is convected at a small froction of the “~ee-stream velocity in a
direction counter to the free stream. Thus, the true convection velocity from the
standpoint of convected energy corresponds to the low frequency values.

In the wake, the narrow-band convection velocities were generally positive indice ing
that the disturbonces are convected (or propagated) in the same direction as the free
stream. Appreciable acoustic mode disturbances appear to be present in the mid- and
high-frequency ranges as indicated by the large peaks in the narrow-band convection
velocity curves (Figures 72-74). For certain fiequency bands, negative convection
velocities were computed from the fuctuating pressure measurements which further
suggests the presence of ocoustic mode disturbances in the wake. These dota cre not

r otted; however, the frequencies at which they occurred are indicated by broken
lines between neighboring dota points in Figures 72~74.

Analysis of the Protuberance Induced Flow Field

Most of the technical effort underlying this report has been concentrated in dev. lop~
ing data reduction techniques and computer programs, reducing the data to tabulation
and plot form, and evaluating the accuracy of the final values. For this reason, a
comprehensive analysis of the results in regard to the deveiopment of mathematical
models has not been made. At the present time, additional test results are being
reduced which will provide more insight into the three~dimensional profuberance

flow field, and it is felt that these data are req -ed before a comprehensive analysis
of the flow can be made - particularly in regard .o the specification of empirical pre~
diction formula. For this reason, oray a cursory analysis of the protuberance induced
flow field is presented in this section.

A composite schematic showing typical axial distributions of static pressure coefficient
and root~-mean-square fluctuating pressure coefficient, and a possible model of the flow
field upstream of the protuberance is presented in Figure 75. Sufficiently upstream of
the protuberance, the flow is attached which results in static pressure coefficients of
approximately zero, and fluctuating pressure coefficients of approximately 0.01. The
latter results primarily from tunnel background noise as discussed in Section 5.0. For
the case shown, which is the My = 1.60, h/D = 2.0 condition, the most upstream

boundary of the perturbed flow is the shock wave. The shock wave induces a nonlinear
increase in static pressure coefficient and a relatively small peak in the fluctuating
pressure coefficient. The mean shock wave location corresponds to the inflection
point in the static pressure data. Immediately art of the shock wave, the boundary
layer undergoes separation which, in turn, results in'~ region of relatively constant,
plateau, static pressure. In the plateau region, a gradual increase in fluctuating
pressure level with decreasing distance from the protuberance is observed. In con-
trast to these data, the two-dimensional protuberance (sr step) case shows a region
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of platecu fluctuating pressure corresponding to the region of plateau static pressure
(see References 27 and 35 for examples). This latter discrepancy between two- and
three-dimensional separated flows is the first indication (as the flow is examined
meving downstreom toward the protuberance) of dissimilarities between the two cases.
Further, the fluctuating pressure levels for the three-dimensional case are an order
of magnitude greater than that for the two~dimensional separated flow region. Im-
mediatel; dewnstream of the plateau region, the flow exhibits o sudden reduction in
static prescure, and the beginning of this sudden reduction corre yonds to a penk in
the fluctuating piessure level . Corresponding to the region of low static pressure is,
what may be envisioned as a piateau region of fluctuating pressure for the M = 1.60

condition; however, this is not typical of all Mach numbers. [ur lower Mach numbers,
the fluctuating pressure decreases toward the protuberance for the region of low static
pressure as discussed in Section 6.3.2. The distin~* r.~uve of the sudden static pres-
sure reduction and the strong levels ef fluctuctig pressurs ore unique to the three~
dimensional separated flow case. B:foic uzscrining the model of tt.2 separated flow
region, some additional features of *he flow ficid as given by oil ficw perterns of the
separated region will be discussed

A typical oil flew picture, Figure 24, was discussed briefly in Section =.  Celored
oil was injected into i".e attached 5~ adery 'uyer upstreom of the pertu .o . .low
region as well as in close oroximi~  .he protuberance. The oil from *hz * -ee
upstream orifices flowed afi and wes Jeflccted around the protuberance & e sepa-
ra.2d flow field. The oil injectec 1+ "o the separated flow region, flo- = . "+ a direc-
tion counter to the free stream ~ indl.uting o reverse flow region, os .~ ' as transverse
to the free stream - indicating side reiiz due to the three-dimer."c. | ture of the
flow field. The importont feature of the cii fiuw poitern iuthe .. . -:d liow region
is the concentration of oil along a secondary “i.+ii wiich is doo + .ia of the front

caused by separation of the boundary layer. This suggesis a1 co.nciiion of low velocity
at angles perpendicular to the secondary front. The presence ..f titis low velocity
region imbedded within the separated flow has not been obse:. 5:% in two-dimensional
separated flow and is apparently unique to the three-dimensicrai case. The oil flow
pictures also reveal the flow patterns in the wake region; however, an adequate dis-
cussion of this region was presented in Section 6.3.

Based on the characteristics of the induced separated flow as exhibited by the static
pressures, fluctuating pressures, and oil flow pictures, o model of the upstream
perturbed flow can be postulated. Consider a system of horse=shoe vortices, which,
when viewed in the plane of symmetry appear os shown in Figure 75. Two major
vortices are assumed to be rotating such that a condition of reverse flow exists near
the wall of the test panel with a third, smaller, vortex trapped near the wall between
the two major vortices and rotating in the opposite direction. Thus, the boundary
conditions at the inner region of the separated skear loyer and within the separated
fiow are satisfied. Also observe that the upstream vortex may “e elongated which
would result in o relatively constant static pressure, plateau, region. The aft vortex,
because of the geometry of the flow, may be more circular which would induce o
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1onlinear variation cf the wall pressures as observed in the static pressure distribu-
tion. Further, Gccause of the diffarent stotic presiure levels associcted with the two
vorfices, it may be postulated that the inner vortex has a higher tangential velocity
af the wall than does the forward, elongated vortex. 7 nally, the shearing mechanism
that would result due to the opposite velocity vectors i . the region between ‘he two
vortices would cause o discontinuity in the wall shear stress which would eroble oil

to be trapped in this region (corresponding to the secondary front noted in the oil flow
pictures) and also noise resulting trom the sheor interaciion couid generaie high leve!
fluctuoting pressures as noted in the axial distribution of A C_(RMS), Tigure 75. The
direction of rotation of the vortices is verified from the oil flow patterns over the
surface of the test panel (Figure 26) as well as in photographs of titanium dioxide
studies of the preruberance flow pottern, Figure 76 1t is interesting to note that the
titanium dioxide flow patterns (side .iew) show: * ¢ seporation of the flow from the
wall of the piotuberance near the su~degree ray very clearly as was observed in the
static and fluctuating pressure measurements over the wall of the 8~inch diameter
protuberance.

Other data which substentiates the assumption of a double vortex system are the i/3-
octave spectrums. It wos pointed out that, iLased on the static pressure levels, the
aft vortex appears to have the greater rotutional velocity. Thus, fluctuating nressures
being convected past the microphones in the region of the aft vortex would be ex-
pected tc nave energy concentrated at higher frequencies than those associated vith
the upstream vortex. Typical 1/3-octave spectra show this trend a< chown in Figure 77.
Further, cross=spectral densities for microphone pairs located benec n the senarated
tlow were obtained at various locations ir the separated flow regiors 3nd these dota
yieid even greater insight into the mechanism of the flow. If the postulated mode! is
accurate, good coherence should be shown for microphone pairs located in either of
the twe 1. ons, i.e., microphorie pairs located either upstream or downstrem of the
peak A Cp(RMS). However, poor coherence should be evident from cross-spectral
densities for microphone pairs which are separated by the peak sinc¢ he microphones
would sense fluctuating pressures from two sepa.ate vortex systems.

Cross-spectra for a representative condition (Mo, = 1.60, h/ D = ..0) are presented

in Figu.e 78. 1t will be noted that reasonably good correlation is shown for micro-
phone pairs located beneath the forward vortex, poor coharence for microphone pairs
located neor the regicn between the two major vortices, and fair correlation for micro-
phone pairs located in the region of the inner vortex. It wili be noted that distur-
bances generated in the region of interaction between the two major vortices would
not be convected directly across tne microphones near the protuberance because of

the direction of rotation of the inner vortex. Thus, some loss of coherence (compared
to that for the outer vortex s:stem) may be expected.

One final sample of data which adds support to the valinity of the postulated model

of the upstream separated flow is presented in Figure 79. Here, the flow pottern
upstreem of a cylindrical protuberance has been photographed using thin filaments
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of smoke fer flow visvalization (from Reference 39). The multiple vortex pattern
upstream of the protuberance is clearly defined. This condition was extremely low
speed (on the order of 5 ft/sec); however, the present data suggests that the basic
teatures of the flow field remain unchanged at transonic Mach numbers.

The flc v structure in the wake consists of a converging flow region, a neck region of
nearly parailel flow, and u diverging flow region when viewed in the plane of the

test panel . Thi: flow field is further complicated by the flow over the top of the pro-
tuberance, particularly for h/D < 1.0. The characteristics of the fluctuating pressure
field have bean previously discussed; however, some additional insight can be gained
from the cross-spectra for various locations in the woke, Figure 80. In the near wake,
r/D < 1.00, the cross-spectre decay very rapidly and in general show poor correlation.
The correlation increases to a maximum in the neck region and this is attributed to the
non-dispersive noture of the parallel flow in this region. In the far wake, the flow has
a diverging pattern; however, good correlation was still attained. The !arger separa~
tion of th uicrophones in the far wake resulted in a loss of coherence in the low
frequency components.

In summcry, the preliminary analysis of the test results have revealed some important
characteristics of the static- and fluctuating-pressure environments induced by three~
dimensionol protuberances. Based on this analysis, some conclusions have been drawn
in regard to the perturbed ‘iow field and areas for further, expanded, <tudies have been
defined. These points are discussed in the next section.
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7.0

7.1

7.1

7.1.2

CONCLUDING REMARKS
Conclusions

A wind tunnel investigation has been conducted to study the flow field induced by
three~dimensional protuberances at transonic Mach numbers. Selected results for

the generalized protuberance - which consisted of right circular cylinders - have
been presented and discusscd. In particuler, the static pressure field, the fluctuating
pressure field, and general features of the perturbed flow have been evaluated. From
this study, the following coriciusions have been made.

General Characteristics of the Protuberance Induced Flow Field

1. The protuberance flow field consisted of two predominant regions - an up-
stream separated flow region and a downstream wake region. The upstream
separated flow region was composed of a complex, multiple, vortex flow
structure. This flow structure appears to be unique to the three-dimensional
separated flow case and has little similarity to the two-dimensional, step
induced, tlow structure. A postulated model of the three-dimensional
separated flow region consists of two major vortices rotating in the same
direction with velocity vectors at the wall which are counter to the free-
stream direction. Static- and fluctuating~pressure measurements and oii-
flow patterrs appear to agree with the postulated flow structure. The wake
region consisted of a near wake of converging flow, a neck region of
approximately parallel flow, and a farwake of diverging flow . For small
ratios of protuberance height to diameter, the wake flow structure was com-
plicated by the flow over the top of the protuberance which appeared to
re-attach on the surface supporting the protuberance in the vicinity of the
neck of the wake.

2. Increasing either protuberance height or free-stream Mach number caused an
increase in the upstream separation length and o corresponding growth of the
separated flow structure.

3. The perturbed flow field scales approximately with protuberance diameter,
although some trends in the normalized data with protuberance size and
Reynolds number were detected in the static- and fluctuating=pressure
measurements.

Protuberance Induced Static Pressure Field

1. The protuberance induced static pressure field upstream of the protuberances
exhibited the following characteristics:

a. There was an increase in static pressure at -he outer extremities of
the upstream perturbed flow field that induced boundary layer
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separation. At i< 1.20, the pressure gradient wos relatively
smail; whereas, at MmZ 1.20, the pressure gradient was large and

resulted from the pressure discontinuity of the shock wave.

b.  The initiol pressure gradient was followed by a region of nearly
constant, plateau, static pressure which corresponded ro the outer
reaion of the separated flow field.

c. A region of low static pressure (below the plateau level) was
exhibited by the inner region of ihe separated flow field.

d. At the base of the protuberance, maximum stctic pressure was
reached.
e. Variations in protuberance height and free~stream Mach number

caused similar varigtions in the region exposed to the protuberance
induced static pressure field. An increase in the test variables
caused an increase in the area of the protuberance induced static

pressure field.

The protuberance induced negative static pressure coefficients immedictely
downstream of the protuberance which cosresponded to the near wake and
neck regionscf thewake flow field. Approximately free-stream static
pressure was mecsured in the tar wake.

The static pressure field over the wall of the protuberance exhibited
noticeable variations in both the vertical and circumferential directions
over the forward half of the cylinder. Varictions in the vertical direction
corresponded to the various flow regimes of the inflowing perturbed flow
field. Circumferential variations indicated that the flow separated from
the wall of the protuberance near the 90-degree ray.

Variations in Reynolds number and protuberance size caused small variations
in the wake pressures at subsonic Mach numbers, and small, but consistent,
variations in the upstream pressures at supersonic Mach numbers.

Protuberance Induced Fluctuating Pressure Field

1.

The protuberance induced fluctuating pressure field upstream of the protu-
berances exhibited the following characteristics:

a. There was a gradual increase in fluctuating pressure in the ¢ “al
direction which started at the outer extremity of the perturbed flow
field and reached a peak near the mid-point of the separated flow
region. The peak levels of fluctuating pressure corresponced to a
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region between two major vortices and appeared to result from the
shear interaction of the vortices. Peak levels were in the range
from 12 to 17 prreent of the free stream dynamic pressure and are

an order of magnitude greater than that observed for two-dimensional
separated flows.

The ir~er region of the separated flow field exhibited a high level of
fluctuaiing pressure which corresponded to the inner vortex system.
For Moo = 1.60, the fluctuating pressure levels for the inner region

we-e approximately constant and equal to the peak level in the
separated “low field. For Mm< 1.60, the fluctuating pressure levels

in the inner region decreased below the peak level.

For Mu; = 1.40 and 1.690, shock-boundary interaction upstream of

the scparation point resulted in a small peak in the fluctuating pres-
sure levels for the region beneath the shock wave.

Variations in pretuberance height and frec-stream Mach number
caused similar variations in the extent of the separated flow field,
i.e., increosine test variables caused an increase in the size of the
separated {low field and, thus, the region exposed to protuberance
induced fluctuating pressures. Otherwise, the separated flow struc-
ture and the corresponding fluctuating pressure field appeared to
remain relatively invariant with changes in protuberance height and
free=stream Mach number.

The power sbecfrc corresponding to the peak levels of fluctuating
pressure exhibited a high energy level of low frequencies with a
roll-off at high frequencies of approximately 6 dB per octave.

Maximum correlation of the fluctuating pressures within the separated
flow field corresponded to the region of the outer vortex system.

Fluctuating pressures within the separated flow field were convecteu
in a direction counter to that of the free stream.

The fluctuating pressure field was largely non-homogeneous and this
is attributed to tha complex vortex structure of the separated flow
fieid.

Fluctuating pressures over the wall of the protuberance exhibited peak values
in the region of separation of the flow from the wall of the protuberance and
in the wake region of the protuberance at subsonic Mach numbers. At super-
soric Mach numbers, maximum levels of fluctuating pressure occurred over
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7.2

the front half of the protuberance corresponding to the region cf impingement
of the upstream separated flow field. At Mco =0.60, the flow separated from

the wall of the protuberance at the 90-degree ray and resulting fluctuating
pressures exceeded 170 dB,

The protuberance induced fluctuating pressure fiela downstream of the protu-
berances exhib:.ed the following characteristics:

a. There was @ moderate increase in fluctuating pressure ievels in the
axial direction within the near wake, peak levels of fluctuating
pressure in the neck region and gradually decreasing fluctuating
pressure levels in the far wake.

b. Power spectra of the fluctuating pressures revealed discrete fre-
guency energy at certain protuberance heights and Mach numbers.
The Strouhal number, based on protuberance diameter, associated
with the peaks in the power spectra was approximately 0.28.

c. Maximum correlation of the fluctuating pressures within the wake
flow field corresponded to the neck and far wake regions.

d. The fluctuating pressure characteristics of the wake appeared to vary
with both protuberance height and Mach number.

Areas for Further Study

Based on the foregoing analysis of the test results, important areas requiring further
analysis can be defined. These areas are as fol lows:

1.

A more extensive study of the spectra and cross spectra of the fluctuating
pressures recorded by the centerline distribution of microphones. These

data will be analyzed to define the structure of both the upstream separated
flow (i.e., verification or disproval of the postulated mode! of the separated
flow) and the wake flow aft of the protuberance.

Examination of the microphone and static pressure data for locations around
the protuberance in the plane of the test panel. These data will be analyzed
to define the gererating mechanisms associated with the threa=dimensional
flow around the protuberances that caused differences between two- and
three~dimensional flow patterns as observed in the centerline axis data. It
is felt that the transverse velocity and acceleration components induced by
the three~dimensional protuberance shape are the key to the multiple vortex

flow pattern which has been postulated. These data will also provide a

basis for the development of prediction techniques for the steady and fluctua-
ting air loads cround the protuberances.
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3. Further examination of the microphone and static pressure data recorded for
sensors distributed over the wall of the 8-inch diameter protuberances. These
data will be analyzed to define the stecdy and fluctuating air loads on pro=
tuberances and to assist in defining the three-dimensicoal flow patterns.

4. A more detailed study of the effects of Reynolds number and protuberonce
scale on the flow field particularly for the fluctuating pressure environment.

5. An evaluation of the free=interaction hypothesis os it apniies to three-
dimensional flows. This hypothesis, advanced by Chapmo., Kuehn and
Larson, Reference 2, suggests that turbulent boundary layers undergo separa-
tion in a manner independent of the detailed geometry of the cause. Al-
though proven for two=dimensional separated flows, its applicotion to three-
dimensional flows has not been verified, If the hypothesis is true for the
three~dimensional case, prediction of protuberance flow fields for specific
geometries can be made based on data obtained for generalized protuberance
shapes. Further, this hypotnesis applies only to the upsiream separated flow
region. It is also of interest to determine if the free-interacticn concept
can be applied to the wake region as well,

In addition to those described, it is anticipated that other areas requiring study will
become evident during the course of the analysis.
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APPENDIX A
DATA REDUCTION EQUATIONS FOR MEAN FLOW PARAMETERS
The porameters used in the specificction of the mean flow characteristics are presented in terras
of the measured static and total pressures as follows.

1. Local Static Pressure Coefficient
C, =— (A-1)

where P2 and Poo are the local end free-stream static pressures, respectively, and

9 is the free stream dynamic pressure.

2.  Boundary Leyer Profile Mach Number (Computed at Both Forward and Aft Rake
Positions)

For Pg/P"n < 0.528, the Rayleigh Pitot Equation was solved for Mach numbers as

follows:

~
NN
)

\\

2
LR D I DR R (A-2)
s 7ME -1

where P_ is the test panel siatic pressure nearest the rake and P; is the pitot pressure
s n

measured by the rake.

For Ps/Pin >0.528, the standard compressible flow equation wns solved, i.e.,

1
" (P, /Pt )7

3.  Boundary Layer Profile Velocity Ratio (Computed at Both Forward and Aft Rake Positions)

U, M, [r1+o2m’ )
Ve M 1+0.2) :
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£

rne « U and M ere the velocity und Mach number corresponding to the local static
pressure P, and U_anc *A are the profile velocities and Mach numkers corresponiding

to the measured pitot pressures, Py .
n

Boundary Layer Displacement Thickness {Computed at Both Foreward and Aft Rake
Positions)

8!‘ -On U'

LU A-S
f[! PS ¥ }dy ( )
0

where & is the y position for the pitot probe that is the furtherest © = the test panel *or
each rake. P, and p, are densities corresponding to P, and Pf

]

8*

Boundary Layer Mumentum Thickness (Computed at Both Forward and Aft Rake

Positions)
)
Un
IS
0

s
Empirical Boundary Layer, Displacement and Momentum Thicknesses (Computed at
Model Station Zero)

o l
3

X{l.3+0.43M2 ] [6/X]

g* = , (A-7)
10.4+0.5M2 [1+(2) (10%) R -X] /3
where
2 I//IO
Re X
-1
§/X = 0.537 [Re - XI /s 1+( @ ) (A-8)
6.9 - 107
X = 124.36 inches
and

o = o (A-9)
1.340.43 M2
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APPENDIX B
DATA REDUCTION EQUATICNS FOR UNSTEADY FLOW PARAMETERS
The statistical functions used in the -ecification <f tne fluctuating pressure characteristics of
the unsteady “low field are presented in analog form. It is felt that the analog form of the
descriptive statistical parometers will facilitate an understanding of the pivysical significonce
cf the functions more so than the dicitai form. A comprel 2nsive presentat on of the digital
equations used in the present digitul computations are given in References 23 and 24. A brief

discussion of the equations is presented in Section 4.4. The analog forms are as follows.

1.  Overall RMS Fluciuating Pressure

T 3
AP(RMS) = | lim fpz(f)dr] (B-1)
T~ 0 J

where P(t) denotes the time history record of pressure.

2.  Power Spectral Density

T
o(f) = lim (A:)Tsz(r,f,Af)df (B~2)
Af—~0 A

T— o

where P(t,f, Af) is the filtered portion of F(f) in the frequency range of f - Af/2 to
f+Af/2.

3. Cross Spectral Density
G(&,f) = C(&,f) -iQ,f (8-3)

where C(§,f) and Q(£,7) denote the co-spectral density and quad-spectral density,
respectively. The co- and quad-spectral densities are defined as ollows:

T
. ] . )
C(§,f) = A|f|—"10 (F)T'/P(t,f,Af) Pe(t 7, A0 dt (8-4)
T o

ra|



P(t,f, AR P, (t,f,Af) dt {B-5)
-3

L
Sy
>
- =
3
o
>
3 —
_‘
o'\'_‘

- .ere P{t,f, Af) and Pﬁ( ,£, A pressurc time histories token ot points separated in
*

distance by § ond P‘E (t,f,Af) denotes a $O-degree phase shifr from P’-g(t,f,Af) . The

normalized co- and quad-spectral densities are given by:

C(s,f
oty = —D )
(o) 05(12
aand
Q(é,
q(&, 8 = S0 (8-7)

(o) 001

Phase Angle

Q(é,
al(E,f) = tan~! [-E—((—E—?F))—} (B-8)
Coherence
2
) ) |Gt,9)] )
VS = (8-9)
|#0] |0
Narrow-Band Convection Velocity
2u f &
U.(f) = (8-10)
(0 a(€,f)
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Figure 2. Photograph of the Model Installation in the AEDC-16 T Wind Tunnel Facility
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Figure 11, Details of Static Pressure and Microphone Systems

Aeutrionde 4 SN e

85

o Ty



o—{ZYN0LZE

o—1Z4N091

wajsAg Buipioday 214sNody o woibo1 g do0ig

si104D|PpowWI]
doo 3207 50y4

o1 ZYMN0¥Fl

YN08Zi

o—PEYM0CiL

o—FYN096

J040inpowa]

o—1{%4008

CEIESETEN

o—{zuxor9

o—Z4Y08Y

e

19anpoiday
/19p1023y
ado)

ZYN S L
Po0i) ¥l

"Z1 dnbi4

ZYNOP F PAIDIAQ Aty SIPLINDILY 1AL

$4040| | 195 P3}jOuu0) 3boyjop

Zyorri

zy308Li

ZyyoZiL

ZYN096

12y 1|dury

Butwwng

ZYN00%

(zzn
192npsuni|
(19powW u)) ainssaig
siayy1jduy 261047 zZpong)

ZyN0¥9

2y 508¥

zyn0ce

ZYy091

19UlROG

s




Re/ft x 10~

s Psf

l

1000

a. Unit Reynolds Number

200

800

4.5%x 108

700

600

500

5

Re = 3.0 x 10% 1

\
A

400 /

@.. et Re =1.,5x 10
/W(
200 s
100
0.60 0.80 1.00 1.20 1.40 1.60
M
)

b, Dynamic Pressure

Figure 13. Variations of Unit Reynolds Number and Dynamic Pressure With
Free-Stream Mach Number ‘
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Freouency, f, Hz

b. Mean Power Spectra

Figure 14. Characteristics of the Instrumentation System Noise
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Figure 32. Effect of Reynolds Number on the Axial Distributions of Static Pressure
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- Figure 41. Variation of the RMS Fluctuating Pressure Coefficient Along the Longitudinal
Centerline of the Test Panel, 2-inch Diameter Protuberance, Re/ft=3x 108
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— — —Broadband Convection Velocity

4 istimated Moximum Local Velocity
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a. h/D=1.0, /D= =1.375 to -1.250

* Figure 69. Longitudinal Narrow Band Convection Velocity for Protuberance Induced

Fluctuating Pressure Field, Upstream (8~ =0°), 8-Inch Diameter
Prowberance, M, = 1.20, Re/ft =3 x 106, §/D=0.125

212

i B P ook



U ()/ Uy,

ol

— — —Broadband Convection Velocity

q Estimoted Maximum Local Velocity

1 T 11

!

-1.6

-1.2

TR T s

pane e

i

LAV

in Eunnn

0.001

0.01 - . 0.1

f&/U
b. h/D=2.0, /D =-1.625to -1.500

Figure 69. Concluded
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a. h/D- 1.0, t/D = =1.625 to =1.500

Figure 70. Longitudinal Nerrow Band Convection Velocity for Protuberance Ind:ced
Fluctuating Pressure Field, Upstream (87 = 0°), 8-Inch Diameter
Protuberance, M =1.40, Re/ft =3 x 108, £/D=0.125
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Figure 70. Concluded ‘
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a. h/D=1.0, /D = =1.375to -1.250

Figure 71. Longitudinal Narrow Band Convection Velocity for Protuberance Induced
Fluctuating Pressure Field, Upstream (8~ = 0°), 8=Inch Diameter
Protuberance, M, = 1.60, Re/ft =3 x 108, §/D=0.125
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Figure 71. Concluded
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Figure 72. Longitudinal Narrow Band Convection Velocity for Proiuberance Induced

Fluctuating Pressure Field, Downstream 0 = 180°), 8-Inch Diameter
Protuberance, My, =1.20, Re/ft =3 x 108, £/D=0.125
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Figure 72, Concluded
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Figure 73. Longitudinal Narrow Band Convection Velocity for Protuberance Induced
Fluctuating Pressure Field, Downstream 0" = 180°), 8~Inch D.imeter
Protuberance, My, = 1.40, Re/ft=3x 104, §/D=0.125
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Figur. 74, Longitudinal Narrow Band Cénvoctfqn Velocity for-i’rotuberance lnduéed
Fluctuating Pressure Field, Downstream 0" = 180%), 8-Inch Dicmeter
Protuberance, Ro_/ft =3x108, £/D=0.125
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